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interhalogens have less favorable thermochemical properties than do F and N2F,
but all of the reactant systems considered could generate sufficient atoms if a
large enough fraction of the oxidizer were combusted. The only precombustor pro-
ducts that are expected to be noticeably detrimental in the cavity are HF and DF,
and these can be reduced or eliminated by using hydrocarbons or fluorocarbons as

the precombustor fuel.

Kinetic analyses of the cavity reactions were carried out (using the premixed ap-
pronimation) for the cavity fuels H2, HCl, CHs, and HBr. Because of the higher
raze of the F - C3H8 reaction, C3H, gave higher calculated zero-power gains than
H2. HBr gave lower calculated gains than H2 on the Pl and P2 lines, but much
larger gains on the P3 lines because the pumping reaction is more exothermic with
HBr, In all cases, HF-HF V-V processes were found to be the dominant energy-
transfer process.

Small-scale laser tests were utilized to evaluate advanced cavity fuels and advan-
ced precombustor oxidizer fuel combinations. Considerable data were obtained on
advanced cavity fuels which show that the slower mixing rates attendant with in-
creased molecular weight inhibited the attainment ' higher performance promised
by fastei pumping rates. Also, some of the advance., -avity fuels are faster de-
activators than H.,, further reducing their effecti- vness. With the possible ex-
ception of HBr, the effective utilization of advanccd' cavity fuels requires new,
innovative nozzle design.

Advanced precombustor reactants were demonstrated. These include NF3 as an oxid-
izer and C F as a fuel to produce no DF. Tests utilizing N2 to replace He as a
diluent showed performance depression much less than had been anticipated on ana-

lytical grounds. Evidence was found that a change in laser gain medium proper-
ties, e.g., substantially different deactiiration rates, may have a large effect on
the optimization of power outcoupling opti,.s.

Global (ovecall) rates were measured for selected HF "pumping" reactions in a fast
flow reactor in which F atoms were measured by EPR spectroscopy The rate con-
stants obtained, in units of (mole/c -I sec - , were: 1.0 x 1013 for F + H2,s t a n t s o b t a i~ ~ ~ ~ ~~~~n n u i so3( o e- s c w r : 1 0 x 1 f o r F + H 2 1
2.4-3.1 x 1013 for F + HBY, 1.0 x 10T for F + CFH, 3.2 x 1013 for F + CH4, 5 x
1012 for F + C3 18, and 1.7 x 1017 for F + HI.
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SUMMARY

PHASE I: THERMOCHEMICAL AND KINETIC ANALYSIS

To determine which advanced precombustor and cavity reactants warrant experimental
study, a theoretical analysis was conducted of the thermochemistry of F-atom gener-

ation in combustion and of the kinetics and mechanism of cavity reactions. The

thermochemical calculations permitted the final precombustor gas composition and

temperature to be predicted, assuming that chemical equilibritun is attained and

the reactor is adiabatic. The possible detrimental effects on the cavity reac-

tions of the combustion products of advanced fuels and oxidizers could then be

considered. The kinetic aildlysis gave some indication of which chemical and

energy-transfer processes affect the zero-power gain that can be attained when

advanced reactants (including cavity fuels) are employed.

Task I-1. Thermochemical Analysis (Precombustor)

The conditions required for the nearly complete dissociation of F2 to F-atom are

calculated. The extent of dissociation increases with temperature and decreases

with partial pressure of F-atoms as follows:

Partial Pressure F-Atoms,
Percent F2  psia

Dissociated 0.3 3.0 30

95.0 1280 K 1490 K 1800 K

99.0 1430 K 1710 K 2130 K

99.9 1710 K 2130 K 2800 K

At large extents of F2 dissociation, the percent F2 undissociated is approximately

proportional to the F-atom concentration at a given temperature.

The oxidizers considered are F, NF, NF, ClF, and ClF The fuels are I 2,
2" 24V 3j S*

N24 , NIl 3 , CS2, cyanogen, PF3, hydrocarbons, and perfluorohydrocarbons; and the

diluents are helium and nitrogen. The following two-component systems are also

considered: N20-F2, N20-CIFs, N20-NF3, N20-SF6, NO-NF 3, NO-CIF 5 and NO-SF 6 .



The reactant systems i2 R -He, ClF5-NH3 -He, CIF -C 6H -He 5-C F -He, and5 6Ale 6 6
CIF -CS -He are compared. The reactant ratios required to obtain various adia-

batic temperatures and F-atom concentrations are calculated 'and plotted. The

equilibrium product distributions are also plotted for these systems as a func-

tion of temperature at fixed mole fractions of F-atoms.

Only a limited nmber of major combustion products are formed. These are HF,

CF4, ClF, SF6, and PF At higher temperatures, the CIF dssociates to atoms,
tihe SF6 forms SF4' and the CF4 reacts with 02 (if present) to forn COP 2. The

large amounts of HF tha': arc formed from the fuels H2 , NH3, and N2H4 are of the

most concern. The use Df benzene reduces the amount of HF formed by about a

factor of three and, of course, no HF is forwed from C F and CS2.

The theoretical product distributions were calculated alsu for the helium-free

systems: N20-F2, N20-NF 3, N20-CIF5, N20-SF6$ NO-NF3' N0-CIF5, and NO-SF 6. The

nitrogen oxide, which is i.large excess, should decompose to N2 and 02 (forming

the diluenc) generating sufficient heat to dissociate the oxidizer. These sys-

tems are shown to have satisfactory thermochemical properties. The concern in

these systems is whether they will undergo sustained combustion and the possible

effects in the cavity of the large amounts of oxygen and nitrogen generated.

Because the systems N 20-SF6 and NO-SF 6 may form SOF 4 as a product, estimates and

data relating to the heat of formation of SOF4 are reviewed. It is shown that

the heat of formation is probably about -225 kcal'mole rather than -254 kcal/mole

as suggested in the literature. Thus, SOP4 is not predicted to be a major product

in these systems but, rather, the sulfur should form mainly SO2 F2

A detailed thermochemical analysis is presented which permits the '.hermochemical

properties of the individual reactants to be investigated. The :xidi;,ers NF3

CIF5, and CIF 3 are found to burn much colder wit' ay given fuel than do F2 or

N F This requires a 'arger fiaction of the oxiaizer to be combusted (rather

than dissociated to F-atoms), forming more cor.,bustion products such as HF. The

thermochemical properties of the fueis have smaller effects on the fraction of the

oxidizer combusted (i.e., on the heat of combustion), but the composition of the

fuel determines mainly tne reaction products

2



The less favorable thermochemical properties of the oxidizer NF3 and ClF 5 ana-of

certain of the fuels do not preclude their use in a chemical laser. In fact, all

of the precombustor reactant systems coasidered are capable, theoretically, of

generating sufficient F-atoms when burned and, except for HF and DF, the predicted

combustion products are not effective deactivators of HF*. With some reactant

systems, however, a considerable reactant weight penalty may be involved.

Task 1-2. Kinetic Analysis (Cavity)

An analysis was made of the effects of advanced reactant systems on the kinetics

of c.Ivity reactions. The rates of the many elementary reactions and energy-

tra!.sfer processes that may occur in the cavity were integrated using tile premixed

approximation. Estimates were obtained of the expected conditions and zero-power

gain as a function of distance from the injector. In addition, the relative im-

portance of the various che;mical and energy-transfer processes on the predicted

gain was investigated. The kinetic analysis was limited by the unavailability of

measured kinetic parameters for many of the important processes.

In the Series I kinetic calculations, HC1 was compared with H2 as the cavity fuel

and advanced precombustr reactant systems were ccmnared with the baseline system

F2-D2-He. HC gave larger calculated gaines than H,, but the estimated 11C1 pumping

rate used has since been fou!rd to be t, o large by more tha. an order of magnitude.

Deactivation of HF(V', by DF was found to be thc fastest of the V-T process, but the

calculated gain was not affected by the pre.,ence or absence of DF in the mixture.

This is apparently because the HF-HF V-V processes completely dominate with re-

spect to energy transfer. "'he presence of the other expected precombustor pro-

ducts, CIF, CF4, N2 and 02, did not affect the calculated gains although these

species do deactivate HF somewhat faster than helium. They do not, however, ap-

proach DF in their deactivation efficiencies. H atom was shown to be undesirable

because it can undergo exchange reactions HF and DF leading to the formation of

IF(O) both from excited EY and from groun4i state DF.

In the second series of K.neti," calculations, propane was found to produce larger

theoretical gains than }1-, atai;i m-inly bezause of its fa-ter pumping rate (which

3



has been established experimentally). The benefit obtained by eliminiration of H

atom frc the system, by replacing H2 with C3H8, was compensated for by the greater

efficieit / of C3H8 (and presumably C3H7) in deactivating HF compared with H2. In

the final kinetic calculations, HBr was compared with H2 as the cavity fuel. De-

spite its faster pumping rate, HBr gave lower theoretical gains on the P1 and P2

lines. HBr did, however, produce much higher gains on the P3 lines compared to

112. These differences result from the larger exothermicity of the F + HBr reaction

and the energy distributions of the pumping reactiois.

PHASE II: EXPERIMENTAL LASER TESTS

Studies were conducted on the performance of a small CW HF laser using reactants

other than the baseline set: F2/D2/He in the precombustor and H2 as the cavity

fuel. Alternate cavity fuels (H-atom donors) were evaluated by monitoring laser

perforr ance with direct substitution of the alternate cavity fuel for the H,

baseline cavity fuel. These tests were run in a specially designed test facility

utilizirv, flow and optical diagnuostics. The cavit/ fuels evaluated were: HE

I 2, HCF2C , HCF3 n-C 4 Hi0 , n-C 3 H8 , c-CH 6, and CH%.;CH

Lasing was achieved with HBr, HCl, n-C 3 H8 , n-C 4 11 0 , and c-C3! 6 in o-der of de-

creasing performa)nce. Comparison with H2 was difficult bezause of substantial

differences in molar flowrates. Absolute outcoupled powelsobtained were substan-

tially less than H2. However, when normalized to molar fi wrates, the re3ults

compared fa± i.ibly, suggesting that with appropriate nozzle rdware (not necessar-

ily an easy task), some advanced storable cavity futls could oe used to advantage.

Experimental combustor tests were conducted using C4F and C48 fluorocaibons as
C6 an C8

replacement fuels for deuterium. These experiment-i tests were conduct. I using

existing small-scale laser hardware to evaluate combustor character-stics and

determine the adequacy of this combination (hardware nd fuel) to provide the

necessary temperatures for the cold reaction to p_.cceed in planned laser experi-

ments. Successful operation of the C4F8/F2/He system was determined in a m.,<ture

ratio range of 1.3 to 1... at varying diluent ratios.

4



Small-scale laser tests with this combination and with the combination C4F8/NF3
with He Jiluent were successful. Semiquantitative analysis of the data indicates

that gocd lasing performance is achievable with advanced reactant precombustors.

Furthermore, substitution of N2 for He as the diluent gave suiprisingly good

results, indicating that with proper precombustor and nozzle design, N2 may be

effectively utilized in place of He.

PHASE III: KINETIC MEASUREMENTS--GLOBAL PUMPING RATES

Global (o-erall) rates were measured fur selected HF "pumping" reactions in a

fast-flow EPR reac.or. The iollowing rate constants have been obtained in the

apparatus:

Global Rate Constant,

Rcction (mole/cc)-1 sec

F + H2  HF + H 1.0 x 1013

F + HBr = HF + Br 2.4 to 3.1 x 1013

F + CF 3H = HF + CF3  1.0 x l0ll

F + CH4  HF + CH3  3.2 x 1013

F + C3H = HF + C3H 5 x 1013
3 8 3 7

F + HI = HF + I 1.7 x 1013

.he theory required for the determination of accurate rate constants in such a

reactur s discussed in detail, including the fluid mechanics involved and the

theorl, asso(ciated uith the [PR measurement technique. The fast reactions studied

required very fast flowrates and low pressures (on the order of a few torr) to

spread the reaction, zone sufficiently. Low pressure is also necessary for the

EPR measuremncit of F-atom concentrations. These conditions result in axial and

radial velocic, gradients and radial concentration gradients. In addition, the

F-atom concentration is measured within the EPR cavity which has a finite volume.

Therefore, calibration of the EPR signal as a function of position within the

cavity was required.
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A rigorous mathematical description of the fast-flow reactor, including the EPR

cavity, was written and a computer program was developed that permitted accurate

rate constants to be obtained from the experimental measurements. It is shown

that the axial diffu:,ion terms in the mathematical equations are negligible.

Titration experiments indicated that F, could be completely dissociaced in the

microwave discharge but CF4 could not. The recombination of F-atoms on the reac-

tor wall was negligible. The experimentally measured F-atom decay curves were

tested against computer-generated curves to obtain the best rate constant for

each reaction.

I,
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INTRODUCTION

When this program was initially formulated, state-of-the-art combustion-driven

HF chemical laser systems were typified by a precombustor that combusted D2 and

F2 in excess, with He as a diluent, to obtain the high temperature that dissociates

V1 to generate F atoms. (In this discussion, the term HF laser refers to an HF

or a DF laser. In the DF laser, H2 would be used in the precombustor and D2 would

be the cavity fuel.) This mixture is then mixed, in supersonic flow, with the

cavity fuel, H2, to initiate the "cold" pumping reaction:

F + H2 - 1iF* + H

which provides vibraticnally excited HF in sufficient quantities to produce the

inversion (partiak) required for a laser.

The overall objective of this prograiL was to find and evaluate reactant systems

for a combustion-driven chemical HF laser system that are more readily handied

than the F2 (which is toxic and corrosive) and the H2 and D2 (which require cryo-

genic storage) that were utilized in demonstrating that an HF chemical laser is

ja viable device. Toward this end, a comprehensive program was formulated in which

alternate precombustor and cavity fuel reactants were to be investigated theo-

retically (Phase I) and experimentally (Phase II). It was realized that alternate

precombustor reactants would generate and introduce into the laser cavity combus-

tion byproducts different from those introduced by the baseline F2/D2/He precom-

bustor, ond the effect of these on laser performance (through deactivation kinetics)

is an important issue. Furthermore, the substitution of an H-atom donor other

than H2 for the cavity fuel would result in different activation kinetics which

would affect laser performance. Thus, determination of laser performance

potential (Phase II) became part of the program.

Also, because of the above and because there was initially a dearth of kinetic

data, a substantial part of the original program formulation was devoted to the

determination of appropriate kinetic rate constants, both activation and deactiva-

tion (Phase III).
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Aiither important aspect is that of the diluent. Helium is a difficult species

t., otore compactly, so alternate diluents were to be considered as well as alter-

Sa*c reactants.

I' : ,1. tlt, execution of the program, several changes in program direction (from the

1! ,.:I,,di 1)l1.L) were ;uglested and approved as information relevant to the overall

b _cLtive was obtained in this program and from outside sources. Most of these

ihl .ge were connected to the question of kinetic razes. First, measurement of

ate:, of Jeactivation of HF by a wide variety of collision partners become avail-

i -wm the literature, as several investigators pursued this subject prior to

th:. .cheduled measurement of such rates in this program. Therefore, this effort

.a,, JI'opped. Second, measurements of the relative rates of formation (activation)

(, f IIF in energetically accessible vibrational states from a variety of F + HR

p umping reactions also emerged from the literature prior to the scheduled measure-

inent o such rates in this program and, therefore, this effort was dropped.

Noticably absent, however, were the very important overall (global) rates of HF

eneraiion from F + HR reactions, so this part of the original kinetic effort was

Sretained, as reported later.

I, Lhe original plan, the effect of precombustor byproducts on laser performance

,as to be determined wi-h small.-scale CW laser experiments by "seeding" the base-

tue F,/D./Iie combustor with the appropriate species, e.g., for NF oxidizer in3
place of F and a flucrocarbon fuel in place of D2' the species N2 and CF4 would

b e introduced in appropriate concentration and laser performance monitored. low-

evi, as measured deactivation rates become available, it became clear that this

technique would not be feasible because the high deactivation rate of DF (on HF)

cnared to NorCF 4) coupled with the relatively high concentration of DF pro-

duc .J by the baseline precombustor, vould render the effect of N2 or CF4 unmeas-

urable. bihs it became clear that the issue of deactivation could be pursued in

thi., manner only if a DF-free combustor could be developed. Therefore, the effort

22

V.



in kinetic rates that was dropped was directed toward the development of a DF-

free combustor. This would accomplish two objectives:

1. The acquisition of a baseline combustor for deactivation effect measure-

ments

2. An alternate reactant precombustor would be demonstrated which partially

satisfies the end o",jective of the program, directly

A further redirection in ,.he precombustor reactant investigation effort occurred

late in the program wh-n NF3 itself became readily available and with the demon-

stration (with in-hoase funds) that NF3 could be used in plac! of F_ in the sub-

scale-sized precc iustor utilized in the small-scale laser experiment. This per-

mitted direct e%.aluation of NF3 rather than by simulation.

Another ir;i¢:',tnt issue recognized in the early stages of the program is connected

with flu.' dynamics. The test hardware was designed to be optimum for the base-

line reactant system. Nozzle contours were designed specifically for H2 cavity

fuel and for the molecular weight and gamma of the F2/D2/He precombustor effluent.

ihis, ,fhen small-scale laser test hardware was utilized with alternate reactant

systems, performance was not expected to be optimum. Therefore, in the late pro-

gram redirection in which iIBr was tested further, provision was made to make tests

with another nozzle system designed to improve performance of high molecular weight

cavity fuels.

The technical considerations outlined above, which led to program redirection
several times during the course of the program, will be discussed in greater detail

in the appropriate section of this report. Additional introductory remarks on ad-

vanced reactants for chemical lasers are presented below.

PRECOMBUSTOR REACTANTS

The first purely chemical HF and DF lasers reacted F2 and NO in a precombustor to

generate F atoms for subsequent reaction with the fuel molecules in a secondary

combustion zone (Ref. 1). The supersonic HF lasers that are currently under
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investigation generally burn D2 and F2 in a subsonic precombustor to generate

sufficient heat to dissociate F2 to F atoms which subsequently are reacted with

D9 in a secondary reaction zone (or cavity). The positions at which the H2 and

D, are introduced are reversed if an HF laser is'desired. The precombustor for a

sunersonic laser is usually operated under conditions that result in the nearly

complete dissociation of the unburned F2 tu F atoms (i.e., temperatures above

1400 K).

There are stveral disadvantages of the F2/D2/He combustor system. The reactants

and the diluent are not storable as liquids at ambient temperatures. Flztorine is

a toxic, highly corrosive species and D2 is flammable and potentially explosi, e

when mixed with air. Furthermore, the heat-generating reaction forms DF, which

is believed to be relatively effective in dea'tivating the vibrationally excited

states of HF that are formed in the cavity. The problem of the precombustor-

generated DF-absorbing light of lasing frequency is circumvented by using the

conjugate isotopes of hydrogen as the precombustor and cavity fuels; however,

the potential problem of the mutual deactivation of HF and DF cannot be avoided

completely unless a hydrogen-free fuel can be used in the precombustor.

The baseline cavity fuel (H2) suffers from the same storage and hazard character-

istics as D2. Furthermore, in the pumping reaction, H atoms are formed. The pro-

duction of H atoms in the laser cavity has potential deleterious effects. First,

the H atom is apparently a rapid deactivator of vibrationally excited HF. Second,

if there is DF produced by the precombustor, exchange reactions produce ground

state HF which absorbs HF laser light and increases the deactivation rate, partica-

larly through V-V transfers. The types of lasers of interest to this program

usually involve the use of three reactants in addition to diluent. These will be

referred to as the precombustor fuel, the oxidizer, and the cavity fuel.

To evaluate the potential of a given reactant system for an F-atom generator, the

critical parameters with respect to operating conditions and product stream com-

position must be established. Unfortunately, the state of the art, with respect
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to mceding of the overall laser system, has not yet advanced to the point where

all of the effects of a change in the precombustor reactants and/or operating

conditions can be determined. Changing the precombustor conditions could affect:

(1) the supersonic mixing processes, (2) the pumping and energy-transfer processes

leading to the inversion, (3) deactivation rates of the excited states of HF,

(4) cavity temperature and pressure, (5) beam quality, and (6) the amount of heat

released before the product gases reach the diffuser. The considerations involved

in determining the favorable precombustor parameters are sometimes quite complex

and may involve information and experimental data that are not available.

PRECOMBUSTOR TEMPERATURE

To attain the current design goal of keeping the concentration of undissociated

F2 to a minimum to suppress the not reaction, precombustor exhaust temperatures

on the order of 1400 to 1500 K are required to thermodynamically favor F atoms.

In addition, there are indications that somewhat higher precombustor temperatures

result in even higher laser efficiency. This observation is contrary to expec-

tations, because inversions in the vibrational energy levels of HF are more

easily attainable at lower rocational temperatures and illustrates the eventual

need for an overall model of the laser system that contains all of the important

parameters and processes. The beneficial effect of higher precombustor tempera-

tures may result rather simply from the occurrence of less F-atom recombination

as the hotter precombustor products pass through the cavity nozzle, or from a

more subtle effect such as the effects of temperature on the supersonic mixing

process.

DILUENT CONCENTRATION

Empirical results also show that optimum laser performance occurs when 4 to 8

moles of diluent are present in the cavity per mole of HF or DF formed (i.e., per

mole of F atom present in the precombustor exhaust). This diluent generally is

introduced through the precombustor, presumably to keep the cavity temperature up.
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The reason that diluent considerations are very important to this analysis of the

precombustor is that, in current H 2-F2 precombustors, 50 to 70 percent of the heat

of combustion is used to heat the diluent rather than to heat and dissociate V2 .

This results in the generation of considerable HP (or DF).

It may not be possible to reduce the diluent requirement of the cavity significantly

in advanced designs. If lower temperatures in the cavity are found to be suitable

in future systems, some of the diluent might be brought in with the fuel or be

mixed with the prccombustor exhaust just before expansion. This would permit the

primary combustion zone to be maintained above 1400 K to dissociate F2. 'ile dilu-

tion of the exhaust stream would have to occur after expansion or just before to

prevent F-atom recombination at the lower temperature and higher pressure.

1IF CONCENTRATION

The amount of HF that can be tolerated in the precombustor products of a DF laser

is not known. It will be seen that the results of the thermochemical analysis

indicate that, if the current levels of HF seriously degrade laser performance,

the HF concentration can be reduced by a factor of three by replacing the H2 with

ethylene or kerosene, by a factor of five by employing acetylene or benzene, and

u could be eliminated from the precombustor exhaust if a hydrogen-free fuel such

Ias C F6 could be used. The use of a hydrogen-free fuel would have another advan-

tage in that an HF ]aser could be fired without using deuterium or any deuterated

compounds.

OTHER PRECOMBUSTOR PRODUCTS

The final constraint on the precombustor that will be considered is that the other

products of combustion must not be detrimenta? to laser operation. The results

of the thermochemical analysis indicate that, at temperatures around 1500 K, the

only products that are thermodynamically stabl, to any appreciable extent are HF,

N2, F, CIF, CF4, and SF6 if the only elements introduced are H, F, N, Cl, S, and

C. A few percent of the F2 remains undissociated but this can be eliminated by a
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further increase in temperature. Other species such as NF3, NF2, ClF 3 , and ClF S

will not be present in the exhaust if the combustion conditions are such that

the reactions proceed to equilibrium.

None of the potential product species (except HF) are expected to be detrimental

with respect to deactivation of vibrationally excited HF or DF in the cavity.

Each of these species has been employed satisfactorily in HF lasers operated under

pulsed conditions (Ref. 2 and 3), and the rates at which most of these species

deactivate HF(l) have been measured. The situation as to whether certain species

that are generated in the precombustor are detrimental to the overall system is

more complex. Undissociated F2 is considered detrimental because it can react

with H atoms and 112 downstream of the oscillator, causing heat to be generated and

thereby reducing the efficiency of the diffuser.

The rate at which a given species generated in the precombustor reacts when it is

in the cavity will determine if it is a suitable precombustor product. In the

case of F2, the hot reaction occurs too slowly to contribute significantly to the

laser power (based on currently accepted rate constants). If this is the case,

the hot reaction is undesirable because it would release heat (downstream) without

contributing to the output of the laser. "ln the case of atom abstraction, such

as II + CF4 - [IF + CF3(AH = -5) and H + SF6 + HF + SFs, there is a good chance that

sufficient activation energy will be involved that these reactions will not occur

at the moderate temperatures encountered in the cavity. Firm conclusions regard-

ing the overall roles of CF4 and SF6 in a CW laser system cannot be made, however,

until they have been tested.

The thermochemical calculations to be discussed indicate that if CIF 5 is employed

as the oxidizer, considerable amounts of CIF will be formed in the precombustor.

CIF may be expected to behave different'y than F2 in two respects. First, the

heat release of "" reactions resulting from the reaction of H and CIF is less

than 60 percent )f L. of the F2 hot reaction. Second, the H + CIF reactions may

be fast enough that they will permit part of the excited HF formed from the C1F

to contribute to the output of the laser. Sufficient rate data are not available

to permit quantitative conclusions on this point to be made.
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The above considerations are inconclusive regarding the possible role of the CIF

formed in the precombustor from ClF5 with respect to the overall efficiency of

the laser. However, CIF is not expected to reduce laser output.

This discussion of the various constraints that are imposed on the precombustor

parameters has served to indicate the types of considerations that are important

in assessing the potential of advanced oxidizers and precombustor fuels. Firm

conclusions cannot be made at present concerning many of these constraints because

of the diverse and complex manner in which the precombustor parameters can affect

the cavity reactions and the overall laser performance. It appears that the re-

quirement for the precombustor to heat considerable diluent gas and maintain ex-

haust temperatures well in excess of 1400 K should not nece.:sarily be expected to

be decreased in future systems. The amount of HF that can be tolerated in the pre-

combustor products is unknown, but a decrease in precombustor-formed HF will

probably be required to optimize the system. The N2 and CF4 that are produced in

the precombustor reactions when nitrogen and carbon are present in the reactants

are not expected to be detrimental. The CF that is formed when C1F S is employed

is not expected to reduce the output of the laser, but this must be established

experimentally.

CAVITY FUELS

The basis foi the consideration of alternate cavity fuels is replacement -f H2

with another If atom-bearing reactant. Reactants considered for this substitution

must react with F atoms with sufficient energy to produce vibrational excitation

in the IIF product, preferably about 32 kcal/mole or greater to compete with H2,

and must be more readily handled and/or stored than H2. Classes of reactants

considered are hydrogen halides, hydrocarbons, and partially halogenated

hydrocarbons.
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The heats of reaction available for vibrational excitation of HF for the hydrogen

halide that will be considered are:

Ali, kcal/mole (298 K)

F + HCI 1 IF(0) + Cl -33

F + HBr HF(0) + Br -49

F + HI - HF(O) + I -65

The heat of reaction of F atoms with HCI is about the same as with H and that

with HBr and HI is greater. Thus, it is expected that these reactions would pro-

vide vibrationally excited HF and both pulsed laser (HCI, HBr, and HI) and CW

laser results (HCI or HBr) have shown this to be the case. All of these hydro-

gen halides can be considered as storable, although there may be decomposition

problems with HI.

A variety of hydrocarbons can be considered in the reaction

F + HR HF* + R

The heat of this type of reaction is expected to be near that of F + H2, thus pro-
viding sufficient energy to produce vibrationally excited HF. Several such reac-
tions have been shown to produce lasing in pulsed chemical lasers (Ref. 4 and 5)

and a list of those selected for this program is shown later. The absence of H

atoms, a species that can deactivate HF* readily, is expected to be beneficial to

laser performance.

Those reactants shown above and the partially halogenated hydrocarbons are rela-

tively easily handled and some are readily stored. Determining whether a specific

reactant produces sufficient inversion of excited vibrational states for lasing

is the subject of investigation under Phase II of this program.
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PROGRAM

To accomplish the evaluation of new reactants for the CW HF chemical laser, the

vwork on the program was divided into three phases, each being further divided into

tasks as follows:

Phase I: Thermochemical and Kinetic Analysis

Task I-1. Thermochemical Analysis (Precombustor)

Task 1-2. Kinetic Analysis (Cavity)

Phase II: Experimental Laser Tests

HF-Free Combustor Tests

Small-Scale Laser Tests

9 Cavity Fuel Evaluation

* Advanced Fuel Evaluation

Phase III: Kinetic Measurements--Global Pumping Rates

The work reported herein is organized in the same fashion.
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PHASE 1: THERMO4CHEMICAL AND KINETIC ANALYSIS

To determine which advanced precombustor and cavity -eactants warrant experimental

study, the first phase of the prograji was a theoretical analysis of the thermo-

chemistry of F-atom-generating combustion processes and cf the kinetics and mech-

anismsof cavity reactions. The specific objectives of this phase were: (1) to

determine the expected composition of the precombustor gas when reactants other

than the baseline reactants 1 2-D-He are employed and (2) to predict the effects

of the precombustor products and the use of cavity tue!s other than H, on the

kinetics of the very fast pumping and deactivation reactions that occur in the

cavity and on the zero power gain of the HF laser.

The thermochemical calculations permit the final gas composition and temperature

to be predicted, assuming that all chemical reactions go to completion and the

reactor is adiabatic. The temperature and composition of the exhaust from an

actual combustor will, of course, be affected somewhat by heat losses and com-

bustion efficiency (i.e., the degree to which the chemical reactions approach

equilibrium). Most of the systems under consideration are expected to demon-

strate satisfactory combustion efficiencies if the adiabatic flame temperatures

are approached but, with some of the reactant combinations (e.g., N20-F2), it may

be difficult to obtain ignition and/or sustained combustion. These practical

considerations will not be discussed further in this section.

There are some uncertainties in the thermochemical data, particularly in the heat

of formation of SOF4 but, in most cases, the thermochemical calculations should

indicate the F-atom concentrations and temperatures that can be approached if
relatively efficient combustion can be achieved. In addition, the major combus-

tion products will be identified so that consideration can be given to their

possible detrimental effects on laser efficiency. A detailed thermochemical

analysis was conducted which permits the thermochemical properties of the indi-

vidual fuels, oxidizers, and diluents to be related to the reactant ratios and

temperature required to obtain a given concentration of F-atoms. A summary of

the results of the thermochemical analysis to be :escribed in this section has

been reported elsewhere (Ref. 6).
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Although only deuterated or hydrogen-free combustor fuels can be considered for

an "F lazer (because the introduction of ground-state HF into the cavity would

be .'ery detrimental to laser efficiency). the thermochemical analysis was carried

out fcr nondeuterated fuels. The isotope effect on combustor thermochemistry

(zero-point energy differences) is small enough that the conclusions obtained will

be approximately correct for deuterated fuels. The calculations apply exactly to

a DF las-r, since it does not require deuterated combustor fuels, and to an HF

laser when only hydrogen-free fuels are considered.

The kinetic code calculations conducted under this program of the rates of the

various cavity reactions were completed before an efficient mixing-kinetic code

had become available. The resu..Zs obtained using the premixed approximation give

s~me insight into which chemica. and energy transfer processes are the more im-

purtant to laser efficiency, but neglect certain physical processes that may be

inore important or even efficiency limiting (e.g., effects of molecular weight on

mixing within the cavity). Also, the predictions made from the kinetic code cal-

culations must be considered as approximate because rate parameters had not been

measured for many of the important chemical and energy transfer processes re-

quiring that estimates be employed. Values for several of these rate constants

have become available since the initial calculations were made. Some of these

new kinetic data were obtained in experiments conducted under Phase III of this

program.

The kinetic discussion in this section is intended to apply mainly to an H: laser

in %vich deuterated fuels (or other hydrogen atom-free reactants) are employed in
the precombustor. This choice was made because the estimated rat- constants that

were available applied mainly to such a system. The results of the kinetic cal-

culatiors are expected to relate generally to DF lasers also, but some rather

large isotope effects may be involved in the initial distribution of vibrational

energy and in the rates of the energy transfer (deactivation) processes.

32



TASK I-1. THERMOCHEMICA' ANALYSIS (PRECOMBUSTOR)

Because only cavity pumping reactions of the type:

F + liJ = HF(V) + J (I-1)

F + DJ = DF(V) + J (1-2)

are of interest to this program, the precombustor conditions required to disso-

ciate F2 alr1ost completely to atoms will be considered. Fhis will be followed by

an analysis of the thermochemistry involved in the production of F-atoms from

various combinations of advanced fuels and oxidizers.

Conditions for F Dissociation
2

Because the fluorine molecule has a bond dissociation energy of only 38 kcal/mole

(Ref. 7), F2 dissociates almost completely to atoms at moderate temperatures.

F 2 is 99 percent dissociated at 1560 K, for example, if chemical equilibrium pre-

vails and the fluorine atom partial pressure is 1 psia. It is possible therefore,

to generate large concentrations of F-atoms in combustion processes and this has

been recognized for some time. For example, in the F -Cl2 flame, which has a
2 2'whcras

maximum speed when the reactants contain 9.6-percent excess F2 (Ref. 8), the

calculated equilibrium F-atom partial pressure reaches ;,s maximum (about 1.5

psia, Fig. 1) at this mixture ratio with the F2 about two-thirds dissociated

at an adiabatic flame temperature of 1250 K and a total pressure of 1 atmosphere.

The equilibrium constant for the reaction:

F = F + F (1-3)
2

is defined as K = PF2/PF where PF and PF are the partial pressures of F-atom~p 2 F F2
and F2, respectively. The value of K was calculated at various temperatures~p
from available thermochemical data (Ref. 9) and the extent of dissociation
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calculated using the stoichiometric relationship and the above equilibrium ex-

pression. Such calculations gave the results plotted in Fig. 2 for tht extent

of dissociation of fluorine as a function of temperature and total partial pres-

sure of F2 and F. The format of this semilog plot is designed to permit both

large and small extents of dissociation to be read accurately. The percent F2 dis-

sociated is plotted on a logarithmic scale up to 5-percent dissociation and then

the percent F2 undissnciated is plotted for larger extents of dissociation. Thus,

the portions of the curves with positive slope represent percent F2 dissociated

and those portions with negative slope denote percent undissociated. The indivi-

dual curves represent total partial pressure (PF + PF ) of from 0.01 to 100 psia.
2

The extent of dissociation increases with temperature and decreases with increasing

total partial pressure of F and F 2. A typical combustor condition of 30 psia and

10 mole percent F-atom corresponds to the 3-psia curve when the F is mostly dis-
2

sociated. Under these conditions, 90 percent of the F2 is dissociated at 1410 K,

95 percent at 1490 K, and 99 percent at 1710 K. Other selected results, read from

Fig. 2, are listed in Table I where it can be seer that increasing the total

combustor pressure or the extent of F2 dissociation affects the combustor tem-

perature required to give a 10-percent F-atom concentrationt as follows:

Percent F2  Pt = 3 psia Pt = 30 psia Pt = 300 psia
Dissociated PF = 0.3 Pp = 3 PF = 30

95 1280* 1490* 1800*
99 1430 1710 2130
99.9 1710 2130 2800

TABLE I. FLUORINE DISSOCIATION AS A FUNCTION OF TEMPERATURE AND
TOTAL PARTIAL PRESSURE (PF + PF2 )

2

P, PF2 Temperature. K (For Given Percent Dissociation)

p$sa orr 0.1 1 5 10 50 90 95 99 99.9

100 5210 76S 930 1100 1190 1510 1870 2030 2430 >3000

30 1560 730 890 1030 1110 !390 1690 1800 2130 2800

10 521 700 840 983 1050 1290 1S40 1650 1910 2440
3 150 t)70 800 9.10 985 !200 1410 1.90 1710 2130

1 52.1 6a5 765 880 940 1130 1310 1373 1560 1910

43 zS.6 625 730 830 88S 1050 1220 .290 1430 110

0.1 S.21 I 610 700 79S 845 1000 1135 1190 1310 IS60

0.03 1.6 5 0 670 753 800 940 10'0 Ili! 1:20 1430

3.01 0.52 5s6O [40 '2S 765 890 100 100 1110 j 132S

*PF+ PF2 1.026 PF at 95-percent dissociation, %ut reglecting the presence of

the F2 re-ults in a temperature error of only a few degrees.
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At large extents of F2 dissociation, the percent F2 undissociated is approximately
proportional to the F-atom concentration at a given temperature. At 1900 K, for

example., 0.01 percent is undissociated when P F = 0.1 psia (Fig. 2), 0.1 percent

at I psia, I percent at 10 psia, and about 9 percent at PF = 94.5 psia (PF + P =

.2
i00). This relationship can be predicted by changing the equilibrium expression,

K = P-/PF,, to the form 200 .PF,/P F = 200. P F/Kp and noting that K is constant
p F 2 Fp p

at a given temperature (K = 1920 psia at 1900 K) and the percent F2 undissociated

is equal to 200 - P1 /(PF + 2. PF ), which becomes approximately 200. PF)/P F at

large extents of dissociation.

Dissociation of F 2 to the extent of 95 to 99 na±cent is believed to be sufficient

for satisfactory laser operation. Therefore, temperatures in excess of 2000 K

would not be required even if combustor pressures as high as 300 psia were employed.

kAdvanced Precombustor Reactants

Oxidizers and fuels of potential interest for the chemical generation o; F-atoms

are listed in Table )I. It will be shown that the major exothermic combustion

reactions in the presence of excess oxidizer are those in which the strong bonds

= C-F, 1H-F, S-F, and NEN (N2) are formed. PF is also included in Table II because
2 .3

it can be oxidized exothermically to PF It will be shown that the decomposition

of the nitrogen oxides, N2O and NO, to N2 and 02 is also a potential source of

heat for dissociating the oxidizers to F-atoms. It may be difficult, however, to

sustain a nitrogen oxide adiabatic decomposition flaie.
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TABLL II. OXIDIZER/FUEL COMBUSTOR REACTANT SYSTEMS

Oxidizers Fuels

F2 H2
N N2 F4  N 2 H 4NF3  NH3

CIF 5  C2

CIF3  (CN)2

PF
3

Hydrocarbons:

CH methane
4,

(CH2)x (CH3 )2' saturated

(CH2)x, alkenes and cyclic saturated

(CH) x , Acetylene and benzene

Perfluorohydrocarbons (fluorocarbons)

7he number of promising oxidizers is limited. NF3 is much less reactive and

toxic than is fluorine and there is considerable interest in this oxidizer for

those reasons. The oxidizers CIF 5 and CIF 3 have been developed as storable rocket

propellants. They are at least as reactive as fluorine and their use involves

similar hazards. However, ClF 5 and CIF 3 can be stored as liquids at ambient tem-

perature, leading to the possibility of development of a liquid-reactant chemical

HF or DF laser. The use of CIF as the oxidizer in Lonjunction with liquid fuels

for the precombustor and cavity could eliminate the need for low-temerature or

high-pressure storage conditions except for the diluent. N2F4 is partially con-

densible but its availability is limited,

''he number of precombustor fuels that can be considered is almost limitless be-

cause all of the hydrocarbons and fluorocarbons have the potential to undergo

strongly exothermic reactions with any of the oxidizers. It should be possible,

38



therefore, Zo choose a precombustor fuel with almost any desired physical pro-

p-rties. It will be shown that the combustion of hydrazine or ammonia proauces

as much or m, re of the undesirable precombustor product HF as does H,. However,

HF production would be greatly reduced if a hydrocarbon were employed as the fuel,

the greatest reduction being achieved with the least saturated of the hydrocarbons,

and eliminated if a hydrogen-free fuel (such as CS, cyanogen, PF3, or a fluoro-

carbon) were used.

Adiabatic Temperature and F-Atom Concentration

In an idealized combustcr in which (1) all reactants are introduced at the same

temperature*, (2) the reactor is adiabatic, and (3) the final pressure is defined,

the.e are two independent variables in a three-component oxidizer/fuel/diluent

system. Therefore, a given final temperature can be attained with an indefinite

number of reactant ratios (provided the temperature does not exceed the maximum

attainable). If, however, both the final temperature and F-atom concentration

are defined, only one set of reactant mole fractions can give this condition.

fA series of calculations was made with the Rocketdyne Thermochemical Computer

Code to investigate the temperatures and F-atom concentrations that can be attained

with various reactant mixture ratios. These data should be useful in determining

precombustor conditions for the testing of advanced reactant systems. Five reactant

systems were selected for these calculations: F2 (g)-H 2 (g)-He(g), ClF5 (k)-NH3()-
He(g), CIF() -C6 H 6(Z)-He(g), CIF 5()-C 6F6()-He(g), and CFS ().-CS2 (Z)-He(g).

"he computer code, described in Appendix A, minimizes the free energy of the

system at constant enthalpy.

The results of these calculations, made at a pressure of 30 psia, are plotted in

terms of F-atom concentration as a function of temperature in Fig. 3 through 7-*,

The calculations were carried out at fixed oxidizer-to-fuel molar ratios (the

*All reactant3 are Pbsumed to be at 298 K in the calculations carried out in
this section.

**For convenience, Fig. 3 through 127 have been placed at the end of Phase 1,
starting on page 129.
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solid curves in the figures) at various mole percent helium (the intersections

of the solid and dotted curves). Interpolation of these curves permits the mix-

ture ratios to be estimated that are required to obtain a given combustor exhaust

condition. It can bx seen from Fig. 3, for example, that to achieve a tempera-
ture of 1800 K and 5 mole percent F-atoms, the F2/H2 ratio must be about 1.37 with

84 percent helium. To attain this condition with CIF and benzene (Fig. 5) re-

quires a CIF /C H ratio of about 8.1 and 91 mole percent helium.
5 6 6

Listed at the intersections of the curves in these plots is information regarding

the concentrations of selected reactor products relative to the F-atom concentra-

tion at that condition. These values show some interesting trends. In Fig. 3,

for example, it can be seen that increasing the F-atom concentration at a fixed

temperature of 1800 K decreases the ratio HF/F. This is because the F2/H2

ratio increases and the helium concentration decreases to maintain constant tem-

perature. On the other hand, increasing temperature at constant F-atom concentra-

tion increases HF/F because both the F /H ratio and the mole fraction of helium
2 2

must decrease.

Precombustor Products as a Function of Temperature

Two series of calculations were made with each of the selected reactant systems

to determine the complete product distributions as a function of temperature

under conditions (reactant mixture ratios) that produce 5 and 10 percent F-atoms,

respectively. The conditions were selected by interpolation of Fig. 3 through

7 . A subroutine was added to the Thermochemical Computer Code to store the re-

sults of each calculation and then plot automatically the product distributions

for each series. These plots are shown in Fig. 3 through 17.

The thermochemical calculations established that at temperatures between 1000 and

1500 K, none of the products except F2 are appreciably dissociated. The thermo-

dynamically favored products in this temperature range (in the absence of oxygen)

are HF, N2, CIF, CF4, and SF6. As the temperature of the calculations is increased
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above 1500 K, the species CI, C12' and SF4 begin to appear in appreciable quanti-

ties as the following endothermic reactions shift to the right:

CIF = CI + F (1-4)

2ClF = Cl2 + 2F (I-S)

SF6  = SF4 + 2F (I-6)

The use of CIF5 in place of F2 increases the fraction of available fluorine that

must be combusted to attain a given temperature (see later discussion), thereby

requiring the formation of more HF when Ill or NH3 is employed as the precombustor

fuel. The amount of HF formed can be reduced, however, by the use of a hydro-

carbon fuel because much of the heat of combustion then comes from the formation

of CF4. This situation is demonstrated in Fig. 18 and 19. These curves are

reproduced from the previous figures in the series for comparison on a single plot.

It may be seen also from the results of these calculations (Fig. 10 thr igh 17)

that C1F does not dissociate at temperatures up to about 1600 K, resulting in

large amounts of CIF being introduced into the cavity if CIF 5 were to be employed

as the oxidizer. It is not known if C1F has a detrimental effect on laser effi-

ciency but it has a potential to undergo reaction with H atoms and with C1 atoms

in the cavity. The deactivation of 1IF(l) by C1F has been reported (Ref. 10) to
i10 1 -I

have a rate constant of only 730 torr/sec (or 1.4 x 10 (moe/cc) sec ).

Direct deactivation by C1F in the cavity should not be a problem.

The relative product concentrations from Fig. 8 through 17 are compared in

Table Ill at 1500 and 2000 K. The species concentrations are listed relative to

the F-atom concentration at the same condition. This ratio is used because nearly

every F-atom is expected to form an excited HF (or DF) molecule in the cavity.

Therefore, the precombustor ClF/F ratio, for example, will be approximately the

CIF/IiF ratio in the cavity. It can be seen from Table III that CF s-NH forms

even more HF than does F2 -112 , but the production of HF can be reduced by more

than a factor of 4 by using benzene as the fuel rather than ammonia. Nearly all

of the chlorine in C1F5 forms CIF at 1500 K, but most of it forms Cl atoms at

2000 K. All of the carbon forms CF4 (in these oxygen-free systems) with -more
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being formed at 2000 K because more fuel must be combusted to reach this tempera-

ture. Any sulfur present in the reactants forms SF6 at 1500 K and SF4 at 2000 K.

The rates at which various species deactivate HF(1) at 300 K are listed in Table IV.

The rates in this table are the sum of V-T-R and V-V processes (except for 11F).

It can be seen that the expected precombustor products CIF, CF4, N2 O2 , SF6, and He

are relatively ineffective in deactivating vibrationally excited HF and should not,

therefore, be detrimental to laser efficiency. CIF, CF4, N2, and 02 do deactivate

HF faster than does helium but considerable concentrations of these species can

probably be tolerated. On the other hand, HF and DF deactivate HF sufficiently

rapidly (via V-T,R processes) that their presence in the precombustor exhaust iq

very likely to be detrimental.

TABLE IV. RATE OF DEACTIVATION OF HF(1) BY VARIOUS SPECIES AT 300 K

(V-V + V-T,R except for HF)

Rate Constant

Species torr "I sec- (mole/ce) "i sec- References

H20 4 x 106 7 x 1013  41

CIF 1  1.1 x 10 2.0 x 1012 19
4 12

7 x 104 1.3 x 10 14, 16
DF 1.3 x 10 2.6 x 1012 21

HF 6.1-8.7 x 104 1.1-1.6 x 1012 16,18,19

cyclo-C 3H6  3.2 x 105 6 x 1012 19

n-C4H10 1.7 x 105 3.2 x 1012 19

C2H C3H 5-13 x 104 9-24 x 1011 19, 44
CH40 C 2H 2, C 2 14  4-6 x 10 4 7-11 X 10 11 19, 44

CO 2  4-7 x 104 7-13 x 10 11 14,!3,42

H 2  2 x 10 4 4 x 10I 1114,16,42,44

HCI 1.7-2.9 x 104 3-3 x 10I  14, 21

I!Br 7500 1.4 x 10 11 14, 21

NO 6100 1.1 x 1011 14,43

HI 3500 7 x 1010 21
10CO 1800-2500 3.3-4.6 1 10 14, 43

CIF 730 1.4 x 1010  10

CF4  420 8 x 09  19

N2  140 3 X 109  14, 42

0 350 7 x 10
9  43

2 45 8 x 108  14

NF3  <300 <6 x 109  19

F2  <100 <2 x 109 19, 45

SF6, He, Ar <60 <1.1 x 109 16,18,19,42
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Nitrogen Oxide-Oxidizer Reactant Systems

The nitroge oxides NO and N 20 decompose exothermically forming products that are

relatively thermodynamically stable in the presence of F-atoms.* The theoretical
adiabatic decomposition temperature is 1930 K for N 0 and >2500 K for NO. There-

2
fore, in a mixture containing a minor amount of fluorine oxidizer, the oxidizer will

be dissociated to F-atoms if all chemical reactions proceed to equilibrium. Thermo-

chemical calculations were conducted for N 0-oxidizer and NO-oxidizer systems
2

although it has not been demonstrated that such systems will undergo steady-state

combustion.*"

These two component systems have only one independent variable, Therefore, spe-

cifying any one of the parameters (mixture ratio, final temperature, or F-atom

concentration) determines the others. Plotted in Fig. 20 are the F-atom con-

centiations (calculated using the Thermochemical Computer Code) that can be at-

tained at various temperatures with the systems N20-F2 , N 20-NF 3, N2 0-C1F, NO-SF6 **,

NO-NF3, and NO-CIF 5 and NO-SF The small numbers listed on these curves at var-

ious pcints represent the molar mixture ratio of reactants (nitrogen oxide to

fluorine compound) required to reach a given temperature. It can be noted that

at high molar ratios, each curve becomes linear with a slope such that it would

intersect the abscissa at the adiabatic flame temperature if extrapolated to zero

F-atom concentration (pure nitrogen oxide).

The theoretical reaction products are plotted as a function of temperature for

these systems in Fig. 21 through 27. In all systems, the concentration of FNO

decreases rapidly with temperature as the endothermic reaction:

FNO = F + NO (1-7)

*It will be shown that small amounts of FNO do form theoretically from F, N2 , and

02 at lower combustion temperatures.
**Ihe thermal decomposition of N20 is catalyzed by halogens (Ref. 11 and 12)

suggesting that an N2O-oxidizer mixture may burn better than N 20 alone.
***S6 is classed as an "oxidizer" in this discussion.
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shifts toward NO. In the N20-ClF 5 and NO-CiF 5 systems, the CIF again dissociates

mainly to Cl atoms at the higher temperature. In the N20-SF6 system, the F-atom

concentration increp..es with temperature below about 1600 K, even though the

fraction of SF6 in the reactants is decreasing. This is because SF6 is stable

at 1500 K but dissociates appreciably at 1600 K.

The NO-oxidizer systems yield higher calculated F-atom concentrations (Fig. 20)

because the larger heat of decomposition of NO permits a given temperature to bt

attained with a much higher fraction of oxidizer in the reactant mixture. Also,

the NO-SF6 system reaches maximum F-atom concentration at a higher temperature

than N20-SF because the molar reactant ratio increases more slowly with
2 6

temperature.

Heat of Formation of SOF4

The results of the thermochemical calculations on the systems N 20-SF6 and NO-SF6

depend on the heat of formation that is assigned to SOF4. Calculations with the

Thermochemical Code indicate that, if the AH298 of SOF4 is -254 kcal/mole, as

estimated by Wilkins (Ref. 13), SOF4 is the expected major sulfur-containing

product from the binary reactant systems N20-SF6 and NO-SF However, unpublished

data obtained by C. NJ. Merrill indicate that the heat of formation of SOF cannot
4

be more negative than about -228 kcal/mole. In addition, thermochemical calcula-

tions made at AFRPL show that revision of this heat of formation to -230 or greater

results in SO2F2 being favored thermodynamically over SOF4.

This situation has been reviewed in some detail and the results obtained, which

are in agreement with the calculations made at AFRPL, are presented below. It

will be shown that possible empirical methods for estimating the heat of formation

of SOF4 lead to a wide range of predicted values (none of which approach the value

of -254), but structural considerations suggest a value less negative than -235 in

agreement with the experimental observations. The Rocketdyne thermochemical data

tape has been changed to include a value of -225 kcal/mole for the heat of forma-

tion of SOF4 and this value was used in the calculations shown in Fig. 20, 26,

and 27.

45



Experimental Stability of SOF4. Dr. C. M. Merril of AFRPL synthesized SOF4 some

years ago while at the University of Washington. He observed that when SOF4 was

held overnight at 521 C it converted spontaneously and apparently quantitatively

to a mixture of SO2F 2 and SF , via the reaction:

2 SOF So F + SF (1-8)4 2 2 6

The absence of unreacted SOF4 was determined by infrared analysis. This method

can detect a concentration of less than 1 percent. The following table illustrates

the effect of the heat of formation of SOF4 on the heat of the above reaction and

on the mole fraction of SOF4 remaining at equilibrium at 800 K (assuming that the

other thermochemical data used in the calculation are accurate'.

Mole Fraction SOP4 AH
at Equilibrium (Eq. 1-8) f,298S4

0.0001 -32.5 -220.3
0.0001 -25.2 -224.0
0.01 -17.9 -227.7
0.10 -10.2 -231.5
0.25 -6.8 -:33.2
0.50 -3.3 -235.0
0.75 +0.2 -216.7
0.90 +3.7 -238.5
0.95 +6.1 -239.6
0.99 +11.3 -242,3
0.999 +18.7 -245.9

If the detectability limit for SOF4 were I percent, the lower limit calculated

for Llf,298 SOF 4 would be -227.7 kcal/mole

Estimated Stability of SOF 4 . The experimental heats of formation of SO3 (g),

SO 2F(g), and SF6 (g) (Ref. 9) are plotted in Fig. 28 for comparison with the

values for SOF4 estimated by the following possible methods.g4

Method A. Assuming reaction 1-8 to be'thermoneutral, a heat of formation

for SOF of -237 kcal/mole is obtained. This is equivalent to a linear interpo-4
lation between SO2F2 and SF6 in Fig. 28. This method pressumes that the relativ:
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bond strengths are the same in species that have structures that are tetrahedral

(SO2F2 ), trigonal bypyramidal (SOF4 ), and octahedral (SF6 ), respectively. General

experience with reiated compounds indicates that trigonal bypyramidal compounds

are less stable and exhibit weaker bonds than compounds with tetrahedral and

octahedral structures. Thus, the heat of formation of SOF4 is not likely to be

as negative as -237 kcal/mole and reaction 1-8 would be expected to be exothermic.

Method B. If the heats of formation of SO F and SOF were to be estimated
2 2 4

using the average S-O and S-F bond energies in SO3 and SF6 , respectively, they

would be equal to those obtained by linear interpolation between SO3 and SF6

(dashed line i:n Fig. 28). This is equivalent to assuming that the reactions

2 so + SF = 3 SOF (1-9)
3 6 2 2

and

SO3 + 2 SF = 3 SOF 4  (1-10)

are thermoneutral. The heat of formation of SO2F., obtained by such a linear

interpolatiot,, is -161 kcal/mole, whereas the experimental value is -181.3. This

may be interpreted as indicating that there is a total strengthening of bond

energies in SOF, relative to those in SO and SF of 20 kcal per mole. Thus,

reaction 1-9 is exothcrmic by 61 kcal/mole. The value obtained for the heat of

formation of SOF4, using linear interpolations between SO3 and SF6, is -227 kcal/

mole which is the lower limit obtained from Merrill's observation. This suggests

that reaction 1-10 is thermoneutral or even endothermic.

Method C. If an arc is drawn through the experimental points in Fig. 28,

the heat of formation of SOF4 estimated by this nonlinear interpolation technique

is -244 kcal/mole. Inherent in this estimating method is the assumption that the
strengthening c the bonds in SOF4 with respect to those in SO and SF6 is similar

to the observ.d strengthening in SO2 F2 In fact, this assumption requires that

reaction 1-8 be endothermic by 16 kcal/mole. Since this nonlinear interpolation

technique predicts stability trends that are opposite from those predicted from
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the structural considerations discussed above, this method cannot be given serious

consideration. But even this method does aot give a value as negative as that

suggested in Ref. 13.

Method D. Assuming that the heat of the reaction SF4 + 0 = SOF4 is equal to

that of S02 0 = SO3 provides another possible method for estimating the heat of

formation of SOF This method is equivalent to assuming that the reaction SF +
4* 4

SO3 = SOF4 + SO2 is thermoneutral, and is also questionable on the grounds that

the types of molecular bonding are not the same in these compounds. The value ob-

tained, -210.2, is compatible with the experimental observation. This method was

tested by estimating the heat of formation of POF3 from the heats of formation of

P203 , P205, and PF3. The value obtained (-270) was 16 kcal/mole higher than the

experimental value (-286) indicating again that such methods are not reliable.

In summary, any heat of formation estimate that is based on an empirical inter-

polation involving bond strengths and their trends must be considered very apprcx-

imate unless nearly identical types of molecular orbital bonding are involved.

Thus, the only reliE.bie estimate for the heat of formation of SOF4 is that obtained

from the cited experimental observation which indicates that the value cannot be

more negative than -227 kcal/mole. However, the empirical estimates suggest that

this experimental value is reasonable, and strongly indicate that Wilkins' estimated

heat of formation is not.

It can be seen from the results in Fig. 26 and 27, obtained using a heat of

formation of SOF4 of -225 kcal/mole, that SF6 should be the major sulfur-containing

species at lower temperatures, and most of the sulfur should form SOF 2 at higher

temperatures. SOF 4 is not predicted to be an important product when the less

negative value for its heat of formation is used.

Detailed Thermochemical Analysis

The calculations made with the Thermochemical Computer Code are exact within the

accuracy of the available thermochemical data, but do not define directly the

important therm.ochemical properties of the individual oxidizers, fuels, and
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diluents. The following detailed analysis, although somewhat less rigorous, gives

additional insight into the thermochemistry involved in the precombustor reactions.

Effect of lemperature on Product Distributions. Considering again the temperature

ranges in which various potential products are favored thermodynamically, this can

be approached more directly by simply calculating the equilibrium positions of the

following reactions as a function of temperature:

1:2 2I F111

sF6 = SF4 + 2F (1-12)
CF + 1/2 0? = COF +2F (1-13)

4 2 2

ClF = Cl + F (I-14)

PF, = PF_ + 2F (I-IS)

CF = CF+F (1-16)

HF = H+ F (-17)

The results of such calculations are plotted in Fig. 29. Curve I was taken from

the curve in Fig. 2 for P P F 3 psia. The other curves were calculated for

conditions where P1. 3 psia at equilibrium.* For these curves, the fraction of

a given species which is converted to the product shown is independent of the ccn-

centration of the species or its products (holding PF = 3). For example, the

equilibrium constant for Eq. 1-12 is equal to PS 4  /P At a given tempera-~SF 4  F SF6.
ture and F-atom concentration, the ratio PSI.4 /PSF 6 is the same regardless of the

amount of sulfur in the system. Thus, the fraction of SF6 converted to SF4 (at

P1. 3) is independent of the total concentration of sulfur-containing species

(PsF 6 + PSF4). It can be shown in this manner that curves 2 and 4 through 7

(Fig. 291 are general for any combustor that attains equilibrium and forms

F-atoms at a partial pressure of 3 psia. The results represented by curve 3 in

Fia. 29 are not as general because they are dependent on the final oxygen con-

centration as well. Curve 3 was calculated for the case in which the combustor

*Equivalent to a 30-psia precombustor forming 10 percent F-atoms.
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total pressure is 30 psia, the products contain 10 percent .-atom, and the oxygen

ana CF are initially at 20 and 7 mole percent, respectively (i.e., 20 to 16.5
4

mole percent 0,).

The following conclusions can be drawn from Fig. 29:

1. All of the hydrogen in the reactant species will be converted to HF e-x.i

at temperatures above 3000 K.

2. In the absence of oxygen, all carbon will be present as CF4 up to tem-

peratures above 2500 K. If considerable oxygen is present (e.g., if

air were used as diluent), the carbon would exist as CF4 at 1500 K but

mainly as COF above about 1900 K.

3. Chlorine, which would be present if CIF 5 were the oxidizer, exists as

CI at 1500 K, but mainly as Cl atoms above 1900 K. it can b^ seen from

-F:. 10, for example, that some Cl2 molecules -will also be present at

1900 K, but their concentration will not exceed about 20 percent of the

chiorine in the system.
4. In the absence of oxygen, SF6 is the major sulfur-containing product at4 1500 K but SF4 suddenly becomes favored at slightly higher temperatures.

1L can be seen from Fig. 16 that SF4 dissociates above 2100 K tc SFt,

2' and . it was shown earlier (Fig. 26) that in the presence ot

14 S is converted to SO F above about 1500 K.
4 22

S. Ihe combustion reaction PF3 + 2 PF5 cannot be used to obtain %..,mpe.-

atures above about 2200 K because PF will not rox., at the hi he-:

temperatures.

ilfezt of Reactant Properties on Thermochemistry. It can be shown from Fig. io

-.j 29 (and similar equilib, im calculations) that the only major combusticn

)rodUcts at 1500 K are F*, IT CF4 , CIF, 02, SF6 , PFS, and N.. If no chlorine,

.Xygen, phosphorous, or sulfur species are in the reactants, the only prodocts

"The few percent F that remains undissociated at 15u K is ignored in the foi iu,
ing discussion.
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that form in the temperature range of i500 to 2500 K are F, HF, CF , and N2 . The

fact that each element goes almost exclusively to a single product under these

conditions permits the thermochemistry of the combustor reactions to be analyzed

in some detail. Also, if chlorine or sulfur are present in the reactants, e.g.,

as CIF 5 or CS the following simplified analysis can be carried out at 1500 K

where CIF and SF6 are formed almost exclusively (Fig. 29).

For this theoretical analysis, the overall combustion process can be considered

as occurring in two thermochemical stages. In one stage, the fuel and part of

the oxidizer react to form hot combustion products, at temperature T, and heat:

nfuel fuel(298) + nox id(298) = nc prod(T), Alc (1-18)

where-* nfuel and n are the moles u' fuel and oxidizer, respectively, that react
ful ox

in the comDustion reaction per mole of fluorine atom combusted, and nc is the

total moles of combustion producL(s) formed in this amount of reaction.** The heat

generated in Eq. 1-18 for a given fuel/oxidizer combination is defined as -Allc

the "heat of combustion" per mole of fluorine atom combusted.

' JIn the second thermochemical stage, the hedt of combustion is consumed entirely
in dissociating the excess oxidizer and in heating the diluent:

oxid
11ox * oxid(298) = F(T) + nprod . prod(T), LH (1-19)

diluent (298) = diluent(T), AHdi (1-20)

wheit! n represents the moles of oxidizer that must be dissociated to form one(and oxi d

mole of F-atom (and has t-e same value as in Eq. 1-18) ana r the total moles
pr(.d

*A nomenclature list is given at the end of the repo-t.

•*Examples of Eq. 1-18 are:

1/2 H-2 + 1/2 F2 = iF. and

1/30 C6 t6 + 1/3 NIK. 1/5 CF + I/5 IF + 1/6 N
6 6 4~c

ior the first, nfuel = 11ox 1/2 and n-d 1. For the second, nfu 1/30,

n n = 1/3, and ncrod = 17/30.
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of products that are formed in addition to the F-atom, if any.* AHox is the

oxidizer "heat of dissociation," as defined in Eq. 1-19, and AH is the heat

required to increase the temperature of one mole of diluent from 298 K to the

final combustor temperature, T.

The thermochemical properties of the fuels and oxidizers can be considered indi-

vidually by dividing the combustion reaction (Eq. 1-18) into two hypothetical

half-reactions, one of which (Eq. 1-19) is the dissociation of oxidizer to form

1 mole of F-atoms at temperature, T, and the other is the combustion of 1 mole of

F-atoms:

n oxid(298) = F(T) + nroxd . prod(T), AHo (1-19)

fuel
Sfuel * fuel(298) + F(T) = prod' prod(T), AHfuel (1-21)

nfuel • fuel(298) + nox • oxid(298) = nc • prod(T), AHc (1-18,

LAfuell is the heat released when 1 mole of F-atoms is combusted 
with a given fuel

s d d 1-21 and AH = AH + A C oxid fuel[1:as c ox + fuel' Also, n = nprod + nprod

The half-reactions are chosen in this manner so that the combustion reaction can

be considered as dissociation of oxidizer to form F-atoms followed by the combus-

tion of F-atoms with the fuel.** This permits the thermochemical properties of

the oxidizers and fuels to be considered individually.

*i-or example, in the dissociation reaction 1/4 C1F5 (298) = F(T) + 1/4 ClF(T),

n = i/4 and noxid 1/4
ox nprod = /

*For example, the half-reactions for the combustion of CS2 and NF3 at 1500 K are:

1/3 NF3(298) = F(1500) + 1/6 N2 (1500)

1/16 CS2 (298) + F(1500) = 1/16 CF4(1500) + 1/8 SF6 (1500)

1/3 NF3 + 1/16 CS2 = 1/6 N2 + 1/16 CF4 + 1/8 SF6

where noxid 1/6, nfuel 3/16, and nc = 17/48.
prod prod prod
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It can now be seen that the more endothermic the oxidizer dissociation reaction

per mole of F-atom formed (as defined in Eq. 1-19), the larger the fraction of the

"avaialble fluorine"* that must be combusted to achieve a given temperature and

F-atom concentration with any fuel. This is because not only is more heat re-

quired to dissociate the excess oxidizer (Eq. 1-19), but a lower heat of combus-

tion is obtained with any given fuel (Eq. 1-18). Likewise, a fuel that reacts

more exothermically in Eq. 1-21 will have a higher heat of combustion with any

given oxidizer.

The oxidizer dissociation reactions are listed in Table V along with the associ-

ated enthalpy changes, Li , and the stoichiometric factors from Eq. 1-19, n andoxid oxox

nprod F and N2 4 have appreciably smaller heats of dissociation than do NF3,
ClF3. 2 24 3

CIF 5 , and CIF Therefore, F and N F will consume less heat in the dissociation

process as well as burn hotter with any given fuel. The unfavorable thermodynamic

properties of NF3 and the interhalogens do not necessarily preclude their use but

ii-Jicate that more of the available fluorine must be burned with these oxidizers

causing the formation of higher coicentrations of combustion products such as HF

(or DF) and CF4. Also listed in 'iable V are the percentages of available fluorine

that must be combusted, with H2 as the fuel, to obtain a temperature of 1SOO K and

10 mole percent F-atoms (helium diluent). Thcse values were calcllated, assuming

an adiabatic combustor, by a procedure that will be described later in this

section.

In Table VI, the conjugate half-reactions for a number of potential combustor

fuels are listed. The values of AHfuel at ISOO K (in units of kcal per mole of F

combusted) range from -83.9 for PF3 and C2F4 to -60.9 for C2F6. The percentage

of available £1l.)rine that must be combusted to obtain a temperature of 1500 K

(with F2 as the fuel and forming 10 mole percent F-atoms) ranges from 54.9 for

*Some of the possible combustor reactants contain F-atons that do not form new
bonds during combustion and, therefore, do not contribute to the heat of com-
bustion. Specifically, these are one F-atom in ClF 5 and CIF 3 and all of the
F-atoms in the perfluorohydrocarbons. Such F-atims are defined as "unavailable
fluorine."
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TABLE V. OXIDIZER DISSOCIATION REACTIONS

Stoichiometric

ox Fluorine Factoro
kcal/moe Combusted Oxid

Half Reaction 1500 K 2000 K at 1500 K* n ox n prod

1/2 F2, g(298) = F(T) +25.05 +27.55 55.8 1/2 0

1/4 N2 F4, g(298) = F(T) + 1/4 N2(T) +27.84 +31.41 56.7 1/4 1/4

1/3 NF3 , g(298) = F(T) + 1/6 N2(T +36. 44.,39.66 63.1 1/3 1/6

1/4 CIF 5 , 2(298) = F(T) + 1/4 CIF(T) +39.74 -- 65.1 1/4 1/4

1/2 ClF 3, 2(298) = F(T) + 1/2 CIF(T) +46.44 -- 68.8 1/2 1/2

*Fraction of available fluorine in oxidizer that is combusted (rather than
dissociated to F-atoms) when the oxidizer is reacted with H2 in helium at
reactant ratios that give 10 mole percent F-atoms at 1500 K.

N H to 65.3 for C F. There is a general correlation between low values for the

magnitude of AH fue and large values for percent available fluorine combusted.fuel fuel
However, those fuels with larger values of nprod require less fluorine combusted
at a given value of AHfuel because the combustion products replace some of the

required diluent (helium in these examples). The results in the following tabula-

tion demonstrate further the higher fraction of fluorine that must be combusted

with the cooler-burning reactant combinations (at 1500 K and forming 10 mole
~percent F-atom) :

Percent Fluorine Combusted

Reactants al-, 1500 K Diluent = He Diluent = N2

F 2-H2  -56.5 56 62

NF 3-H2  -45.1 63 68

F 2-CS 2  -45.0 63 70

NF 3-CS 2  -33.6 71 76
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It js appireut therefore, that in most cases a penalty must be paid in terms of

the quantity oft reactants burned to generate a given quantity of F-atoms, when

o tc-nts othtwr than F 2-ii -ile are employed,

Listed in Table VII are the enthalpies, AH-dill required to heat. I mole of diluent

from 298 to 1 0o and 2000 K, respectively. Of course, the specific heat of N2 is

considerably greater than that of He. The effect of this is to inciease the

fraction fluorine co.Rbusted when N2 is the diluent as shcwn in the above tabulation

'."ABLE VII. DILUENT ENTHALPY CHANGES

AHdil, kcal/mole

Diluent 1500 K 2000 K

11.3e,298) liHe (1)e 5,971 8.455

N2 (298) N2 J) 0,179 15.418

in some au!,lication!, the use of larger quantities of oxidizer and tuel may ncL

e a majr drawback. A more serious limitation would be if the products formed1

11. ti.e cumoustor reaction were detrimental to laser eFficiency. i'or example, r!

d6,. ctivates ¢ribrationally e;xcited HF moderately rapid (Tahic IV), Thus,

increastng the quantity of DF or HF in the combustor products by employing

a cooler-burning oxidizer would not be desirable and the elimination of DF may be

beneficial.

The data conta5.ned in Tables V through VII can be lisea to calculate the re-

quired reactant ratios and the product composicions obtained fol conditions where

the products are exactiy those listed in the tables. It can be seen from Fig. 29

that, at 1500 K, there will be a small error in the calculated results because

about 5 percent of the F2 is not dissociated. However, for systems that contain

only the elements C, H, F, N, and tie, the products will be almost entirely F,

Cl:4, HF, N2, and He from 1700 to 2500 K, Exact thermochemical calculations can
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be made for any reactant system at any temperature using the Rocketdyne Thermo-

chemical Computer Code, but the following procedure gives additional insight into

the thernmochemistry involved at temperatures where the analysis applies.

Assuming an adiabatic reactor, the reactant ratios and product compositions can

be calculated by solving the energy balance and stoichiometric equations as follows.

If R1 is defined as noles of F combusted per mole of F-atom formed and R2 as moles

of diluent in the products per mole of F-atom formed, tht following reactions will

occur (per mole of F-atom formed):

( R) nx oxid(298) + F(T) nprod prod(T (I-22)

(1+fuen nd(T)1 (-23)
(R1) fuel(298) F(T) = nprod • od(T)(

I nful fuel (28pfe i( 3

(R2) • [diluent(298) = diluent(T)] (1-24)

The heat balance of the system requires

R I(H c) + AH ox + R 2(aFdi I )  0 (1-25)

If the final mole fraction of F-atom is defined as XF, the following stoichiometric

relationships exist in the products (the calculations are made per mole of F-atom

formed):

Moles of diluent* = 2  (1-26)

- oxid / oxid fuel) (27
Moles of reaction products = nod + RI  npod + n d (1-27)

prod R1 kprod +prod/

T oxid + R (noxid + n fuel
prod prod prod = I/XF (I-28)

*If the diluent is N2, this equatioh does not include the N2 that may be formed

as a reaction product.

S
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Solving Eq. 1-25 for R1 gives

RI -(tHc) * ( Ho P Hdii (1-29)
1 c ox 2 i

Solving Eq. 1-28 for R2 and substituting for R1 from Eq. 1-29 gives the following

expression for Ri2
L ioxid + (Hn/H). (noxid + nfuelf]

F prod +prod prod

[/nxid fuel)] 30
[1 - (AHdil/AHc) (nod + nfuel) (d-30)

! _diun eperodturoFR

For a given oxidizer-fuel-diluent-temperature-X combination, R can be obtained
F 2

from Eq. 1-30 and then R from Eq. 1-29. It can be seen from Eq. 1-22 through

1-24 that the mole fractions of reactants are given by:

.Xi Lnox(1 + R1)j + [nox (I + Rl) + n ue(Rl) + R(1-31)Xoxi d  noxful2

X = n (R ) n (1 + R) + n (R) + Ri (1-32)
fuel Lfuel 1 Lox 1 fuel 1

Sai I  I- Xoxid - Xfuel

The mole fractions of the various reactiin products can be obtained in a similaroxid fuelinohetrsf
manner from Eq. 1-22 through 1-24 by separating nprod and nprod

the individual product species as shown in the chemical equations in Tables V

and VI. Taking, for example, the system NF-CS2-He:3 2

oxid oxid
n prd n K 2 1/6 (1-34)nprod = i'2

fuel fuel fuel
nprod =CF + nSF =1/16+li8 (6-35)

Total moles = 1/XF (from Eq. 1-28) (1-36)

X = (I + Rl) • (I/6)/(total moles)
N2

l ( + R1) . (1/6). (XF) (I-37)
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XCF (R1) * (1/16) * (Xc) (1-38)

X (R1) (1/8) • (X1:) (I-39)
6

X = R2 (XF) (1-40)

The mass fractions of reactants and products can be obtained by multiplying the

mole fraction of each species by its molecular weight and normalizing to total

mass fraction of one. Finally, the fraction of available fluorine that is com-

busted is given by the expression:

Fraction Combusted = R/(l + RI) (1-41)

Comparison of Combustor Reactant Systems. Thermozhemical calculations of the

type described in thc previous section will now be used to examine the conditions

that can be attained with various oxidizer-fuel-diluent systems and the cjncentra-

tions at which chemical species will be present in the reaction prodtcts (if

chemical equilibrium is achieved and the reactor is adiabatic). *ihe above equa-

tions were set up in a form that permits determination of tle reactant ratios re-

quired to obtain a given temperature and a'given value ., XF.

The thermochemical properties of the reactants cet an upper limit on the maximum

mole fraction of F-atoms that can be obtai .td at any temperature as well as the

maximum attainable temperature (the i,,.dbatic flame temperature of the oxidizer/

fuel combination). If the desirc value of XF exceeds the thermochemically

allowed value, negative dil' ¢nt mole fractions will be calculated in Eq. 1-33 and

1-40. The maximum valur of X at any given temperature would be obtained in the

absence of any diluent. The maximum r-atom concentration that can be attained

at an), temperature (in the asence of diluent) can be calculated by solving

Eq. 1-25 for R. and Lhen Eq. 1-28 for XF after settL.g R,=0 in both of these

equations. In the absence of diluent, there is one independent variable and a

given temperature can be attained only with a single reactant ratio. The resulL.

of such calculations are listed in Table VIII for various oxidizer/fuel conbinations

at 1300 and 2000 K. All of the reactant systems are capable of generating sufficient
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TABLE VIII. MAXIMUM ATTAINABLE MOLE PERCENTAGE OF F-ATOMS FOR VARIOUS

OXIDIZER/FUEL COMBINATIONS AT 1500 AND 2000 K (NO DILUENT)

Oxidizers

F2 ,g N2 F4 ,g NF3,g ClF 5,01 CIF

Fuels 1500 K 2000 K 1500 K 2000 K 1500 K 2000 K 1500 K 2000 K 1500 K 2000 K

11 2 ,g 69.3 65.6 52.7 48.6 47.4 43.3 41.0 28.7

2 4, 64.6 60.2 49.6 44.9 43.6 38.9 37.7 26.5

NH3, 63.0 58.4 47.8 42.9 41.1 36.1 35.0 23.6

CS2y 90.6 65.0 64.5 54.8 35.1

(CN) 2'P 85.9 83.8 63.7 60.8 62.6 59.3 54.5 38.0

PF3 ,g 82.5 78.7 61.6 57.2 59.6 54.2 51.9 36.5

COg C1.5 58.8 54.7 45.8 28.2

C2H6 ,g 78.0 75.0 57.9 54.2 54.1 50.1 46.4 31.3

C2 H2 g 84.8 82.7 62.9 60.0 61.4 58.1 53.3 36.9

C H 83.6 81.2 61.5 58.3 59.2 55.6 51.0 34.3

C2 F6 ,g 58.9 45.8 43.4 30.6 34.4 18.9 27.8 15.8

C2 F4 ,g 82.5 79.2 61.6 57.7 59.6 55.0 52.0 36.5

C3F6,g 81.3 77.7 60.4 56.1 57.7 52.6 50.0 34.4

C4F829 80.6 76.9 59.7 55.2 56.7 51.2 48.8 33.2

C 6 F 6, 85.9 83.6 63.0 59.7 61.5 57.6 53.0 35.6
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quantities of F-atoms (in the absence of diluent). Even the very-cold-burning

combination NF3-C 2F6, which has a heat of combustion at 1500 K of only -24.4

kcal/mole F combusted compared with -56.5 for F2-H 2, can generate 34 mole per-

cent P-atoms at 1500 K.

The thermochemical calculations described in the previous section were carried

out for a nmber of reactant systems (with helium as diluent) by use of a com-

puter program. The results obtained are presented in Tables IX through XI.

In Table IX, the five oxidizers are compared in the systems oxidizer-H2-He at

1500 and 2000 K and reactant ratios that form 10 and 20 mole percent F-atoms.

"1he maJor ckombustion product with 112 as the fuel is HF with from 0.8 to 2.3 moles

forming per mole of F-atom. About 50 percent more HF is formed from the cooler-

burning oxidizers NF.. and ClF than from F or N F It may also be seen that
S 2 2 4' a lob enta

the use of CiF 5 or CIF 3 as the oxidizer would, in addition, lead to the formation
of appreciable concentrations of ClF at 1500 K (or C1 atoms at higher temperatures).
The 15 fuels are similarly compared in Table X for the systems F 2-fuel-He at

1500 and 2000 K and reactant ratios that give 10 mole percent F-atoms. Similar

amounts of HF are formed from the fuels H2, N2H4, and NH3. The amount of HF that

is formed is dec~-eased by a factor of 2 when the fuel is a saturated hydrocarbon

and by more than a factor of 4 with (CH)x hydrocarbons such as acetylene or benzene.

Mlost of the combusted fluorine forms CF with the hydrocarbon fuels. Of course,
fuels that do not contain hydrogen do not form EIF but, instead, form CF4 , SF6 (at

1500 K), or PF_.b

The systems NF 3-fuel-He are compared in Table XI. The product distributions are

quite similar to those obtained with F2 except that higher concentrations of pio-

ducts are fo,'med (about 50 percent higher) and, of course, some nitrogen is formed.

Detailed Analyses of Nitrogen Oxide Systems. A detailed thermochemical analysis

has not been conducted for all of the nitrogen oxide systems. The heat of com-

bustion in these systems is supplied by the decomposition of the nitrogen oxide.

Taking the N20-F2 system as an example, the detailed thermochemistry can be con-
sidered as follows. The major reaction products at 1600 K, as calculated using
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TABLE IX. COMBUSTOR REACTANT RATIOS AND PRODUCT DISTRIBUTIONS AT SELETi.I)

TFIM, ERATURES (1500 AND 2000 K) AND MOLE PERCENT F ATOMS (10 AND 20)

FOR VARIOUS OXIDIZERS WITH 'YDROGEN FUEL AND HELIUM DIJUENT*

Oxidizer/Fuel F 2 g N2F4 g NF3 ,g CIFSoi CIF 3,I F 2g N F4,g HF3.g CIFs, I CIF3 I

Reactants 11H 2 g 1 2 H2, Hg H g Iig2' 2-gR2actant's 2!2 2'9H2"g H2°'R -

Oxidizer 11.9 6.9 10.5 8.9 20.3 19.8 12.7 18.8 16.8 39.1

- I Fuel 6.6 7.9 10.0 11.6 14.0 8.7 11.4 15.1 18.7 23.6

Helium 81.5 85.2 79.5 79.5 65.7 71.5 75.9 66.1 64.5 37.3

F 10.0 10.0 10.0 10.0 10.0 20.0 20.0 20.0 20.0 20.0

He 77.4 71.1 68.4 64.2 51.9 64.3 54.5 50.1 43.5 24.1

HF 12.6 13.1 17.1 18.6 22.1 IS.7 16.4 22.8 25.2 30.6

6 CF-- -- -- --
X1 N2 -- 8 -4.5 -- - 9.11 7.1 -- --

SF

PF SPFS .. . . ...... ..

"0.5S8 0.567 ).631 0.6S1 0.631 0.439 0.451 0.533 0.558 0.605

-- - --

, Oxidizer 14.2 8.6 13.0 22.3 14.9 22.0

Fuel 9.0 11.0 13.5 11.2 15.4 19.4

R e 76.8 80.5 73.5 66.S 69.7 58.6

F 10.0 10.0 10.0 20.0 20.0 20.0

He 73.0 65.3 61.8 59.9 48.4 43.2

HF 17.0 17.8 22.7 20.1 21.3 28.7

S CF ~ -- -- -- - .o ~u k F4 . . .. .

CIF

" N2  -- 6.0 s.6 10.3 8.11

5F 6  -- .... ....

PF5  .. .... ....

0.0.60 0.40 0.6s 0.s02 0.s16 o.s59

The combustor is assoed to be *diabetic and the few perset pI ftleeoles that are present at ISO K are neglected.
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TABLE X. COMBUSTOR REACTANT RATIOS AND PRODUCT DISTRIBUTIONS AT SELECTED

TEMPERATURES (1500 AND 2000 K) AND 10 MOLE PERCENT F ATOMS FOR VARIOUS

FUELS WITH FLUORINE OXIDIZER AND HELIUM DILUENT

O .ld azer/luel F 2  4 112, F 2, F 2 . 2t., 2~. F . 22 
g F6 . C42 j 2 r~ IRT. 8 e a c ta n t s 1 .2. g ,, 1 4 .1 C2.1 M ,2. (C N ) r 2 - 1  C 0 . C Z1 6 (, 0 2, 6. 6 , .1 C 2 F , ., C 2 F 4 ., C 6 ., 6, -.

Oxidizer 11 9 12. 5 13.2 13.4 11.8 11.2 13.8 12 9 12.0 12.8 1.2 11.6 12.2 12.6 12.6

Fuel 6.64 3.43 S1.13 I.0S 1. 9 6.28 4.4 5 1.09 1.38 0.52 9.92 3.24 2.35 1.83 8.40

Helium 81.S 84.1 £1.7 85.6 86.S 82.3 81.8 86.0 86.6 86.7 74.9 8.2 35. 85.6 86.S

F 110. 0 10.0 Id.0 10.0 20.0 10.0 10.0 I(.A 10.0 10.0 10.0 10.0 10.0 10.0

He 77.4 74.8 73.8 86.8 85.0 13.6 83.2 81.7 84.6 £4.1 71.2 83.6 83.1 82.8 8 .0

H F 12 .6 12 .2 13 .9 -. .. .. 6 .23 2 .70 2 .9S --. . .. . ..

o -. CF4  .. .. .- 1.07 3 31 -- 4.52 2.08 2.70 2.95 18.8 6.37 . 6.87 7,16 4.95

SCIF .. .. .. .. .. . .. .. . . .. .. .. .

! N 2  -- 3 .0 5 2 .3 2 -- 1 .6 6 .. . . . . . , .. .. .. .

PF 5  .. . .. . . 6.37

0 I

0.58 0.49 0.582 0.631 0.S70 0.360 0.644 0.92 0.574 0.596 0.653 0.60 0.79 0.589 0.598

-- - -.. -

. Oxidizer 14.2 13.3 16.3 14.2 13.8 15.7 14.4 I15.5 22.4 14.2 15.2 15.7 15.5
Fuel 8.95 4.76 7.09 3.29 8.98 1.49 1.87 0.6'3 17.2 4.58 3.36 2.66 1.16

me 76.8 80.0 75.6 83.S 77.2- 82.8 83.7 83.8 60.4 81.2 81.5 81.6 83.3

F0.0 20.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0

He 73.0 69.3 65.0 83.1 80.6 78.6 82.6 81.9 57.4 80.9 £0.1 79.6 83.0

O 17.0 16.5 15.9 -- -- 8.52 3.70 4.06 . .. .. ..

.CF4  $ .. .. .4 .70 4.06 32.6 9.12 9.9 10.4 6.95

N 2 4.13 A. 1 228.. i... . ... .. .

0.630 0.623 0.654 0.646 0.852 0."85 0.849 0.670 0.765 0.646 0.664 0.675 0.676

N-
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-. .. . .. 77-7

TABLE XI. COMBUSrOR REACTANT RATIOS AND PRODUCT DISTRIBUTIONS AT SELECTED

TEMPERATURES (1500 AND 2000 K) AND 10 MOLE PERCENT F ATOMS FOR VARIOUS

FUELS WITH NF OXIDIZER AND HELIUM DILUENT
3

Oxidizer/Fu*A NF3,
1  

NF3$g 8PF1 3  NF$* F3 .3. N F3  w F.g NF3.' NF3, P'S, NF3. N 3,s HF$,g NF3

Reactants HZI 8 241 N113.1 C;2 1 (CN) 2 . PF ,g CO,. C2H6 ,1 C2H2 .g C6 F6 . 11 C2F4 , C3 F6 ,g C4F,g Cj 6.1I o x d i ,e r 1 0 .5 1 1 .3 1 2 .4 1 2 .6 1 0 ., .6 , 1 3 .3 1 1 .9 1 0 .7 1 ..? I S .6 1 0 .1 1 0 ., 1 1 .4 , , .3

Fuel 10.0 . S .15 1.69 Z.:2 9.1? '.21 1.71 2.09 0.79 17.3 4 10 3.18 2.86 1.30

Di ]uenna 79.5 83.4 79.5 85.7 71 1.2 7.S 96.4 97.2 87.S 67.2 85.1 &S.5 8S.7 97.2

F 10.0 In.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0

He 68.4 65.0 62.6 79.S 78.5 76.9 73.8 73.3 77.1 76.6 S.2 76.9 75.7 75.0 77.9

HF 17.1 16.4 19.3 . -- . . .. .72 3.72 4.1S .- -. .. .
0! £- -- 1.56 4.SS 6. .73 2.91 3.72 4.15 28.4 8.67 9.49 j10.0 6.97

i CIF .- ... .. .. .. .. .. .... ....

H 2 4.2 3.2 8.09 5.$3 6.97 4.56 4.15 S.06 4.7f 5.13 6.40 4.56 J.3 5.00 $

3P6  -. 3.12 -. ... .. .. .. .. . .. .. .

PF 5  .... .. .. .. 9.67 . . ... -

0 2

- 0.631 0.622 0.65$ 0.714 0.64S 0.634 0.729 0.670 0.6 0 0.67$ 0.740 J.634 0.615$ 0.667 0.677

| Oxidlzer 13.0 14.5 16.1 13.0 12.4 15.2 13.3 14.9 29.1 12.9 14.3 15.2 14.8
-. Fuel 13.3 7.49 11.6 3.47 13.4 2.39 2.5 1.10 34.9 6.91 S.2.

r  
4.25 1.84

m. 73.3 79.0 72.3 95.6 74.2 2.4 85.9 94.0 .4.1 90.1 0.4 10.5 3.3

F 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0

He 41.8 57.2 53.8 74.9 71.2 "4.0 74.1 72.3 25.1 71.8 70.0 6,.9 73.7

HP 22.7 22.0 2S.9 -- . - 11.1 1.04 1.67 -. . ...

i i 4 .. 21 S.94 .04 1 .67 14.2 12.4 13.7 14.3 97

K 2 8 5.46 10.8 10.3 8.91 1.94 6.26 1.4 6.39 10.7 s.83 6.24 6.51 6.5

P F s  . . .. 1 2.

06 0._ 0.2 u . 7u 10.719 6.71 0.716 0.739 0.9" 0.712 0.733 0.144 0.746

64



the Thermochemical Computer Code (Fig. 21), are N2, 0., F-atoms, and FNO at a

concentration of about one-tenth that of the F-atoms. Thus, the overall hea:s

of reaction per mole of ' 20 and F reacted, respectively, are:
2 2

N20(298) - N2 (1600) + 1/2 0,(l60-.,. -I = -4.304 kcal/mole (I-42)

0.9 F2 (298) = 1.8 F(1600), ll = +45.8 (1-43)

0.1 I,(298) + 0.1 02(1600) + 0.1 N2(1600) : 0.2 FNO(icO0), (1-44)

MH = -1.98

The molar N 20:F 2 ratio required to give a temperature of 1600 K should be equal

to (45.8 -1.98)/4.30 = 10.2. It can *e seen that this is in agreement with the

ratio listed in Fig. 20 at 1600 K which wa3 calculated by the more exact proce-

dure. Reactions I-1/2 through I-qIinclude, therefore, all of the important thermo-

chemical processes in this reactant system.

Reactant Weight Considerations. The use of advanced precombustor reactants will

result in a weight penalty over the baseline system F 2- 2-ie. In addition, the

use 'f nitrogen or air as diluent would result in a further weight penalty. This

coild be important in some applications and will have to be considered in future

,ystem efficiency calculations. To investigate this effect briefly, the calculated

F-atom mass fractions are compared in Table XII. It can be seen from these re-

sults that the use of the CiL-fuel reactant systems decreases the F-atom mass

fractiors by about a factor of 2 (with helium) ovei the baseline system, and the

use of N2 in place of helium results in another decrease of about a factor of 2.

Conclusions from Thermochemical Analysis

It is apparent from this analysis tnat a number of reactant systems have favorable

thermochemical properties and thus appear promising for use in the combustor of a

DF continuous wave laser provided that efficient combustion can be attained. The

oxidizers NF. and CIF burn colder than F. forming, therefore, slightly higher

concentrations of combustion products. In addition, CIF forms considerable CIF

or Cl atoms, depending on the temperature.
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'A'BLE XII. MASS FRACTION OF F-ATOMS AT 1500 K AS A

FUNCTION OF MOLE FRACTION F-ATOM

Mole Fraction F

System 0.05 0.10 (.15 0.20

Mass Fraction

F2-H2 -Pe 0.145 0.253 0.335 0.400

F2 -2-N2 0o:036 0.074 0.113 0.154

CIE 5 (1)-NI 3 )-le 0.086 0Mi39 0.175 0.202

c11 )- ( )-I 0.034 0.069 0.104 0.140
5 (1) -431) -N

CIF 5 (1) C611 6 (1 -He 0.082 0.633 0.168 0.193

CIF5 (1)-0 6H6 (1)-N 2  0.029 0.058 0.086 0.113

CIF 5 (1)-C 6F6 (1)-He 0.072 0.067 0.149 04171

CIjF()- CF(-N2 0.027 0.054 0.079 0.103

SCF5 (1)--S 2 (1)-He 0.070 0.114 0.144 0.165
C1Fv(1)-CS2  0.027 0.052 0.076 0.099C15(1)-CS2(1)-N

C l 5 (1)-N2H4 (1)-He 0.091 0.146 0.185 0.212

CIF 5 (1)-N,.w (1)-N 2  0.034 0.09 0.104 0.140

4- 66



A large number of fuels may be considered as replacement for hydrogen. Ammonia

and hydrazine produce quantities of 11F even greater than those formed in the pre-

sent F -H -He system. The use of a hydrocarbon fuel would greatly reduce the2 2
amount of HF that is formed. If fluorocarbons can be made to burn efficiently

with an oxidizer, they will have the advantage that no hF i*s formed. The use of

carbon-containing fuels would lead to the formation of CF4 as a combustion product.

CS2 and PF3 are also potential hydrogen-free fuels. The use of these fuels re-

quires that consideration be given to the possible effects of the products SF6,

SF4 , and PF

The nitrogen oxide-oxidizer reactant systems have satisfactory thermochemical

properties also. Their utility will depend not only on their combustion proper-

ties but on the suitability of N 2-O2 mixtures as diluents in place of the lighter

and inert diluent helium.
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TASK 1-2. KINETIC ANALYSIS (CAVITY)

An analysis was made of the effects of advanced reactant systems on the kinetics

of cavity reactions. Using available data and best estimates for the rate con-

stants of the many elementary reactions that may occur in the cavity, the reac-

tion rates for a number of reactant systems were integrated using the Rocketdyne

VIREL Computer Code* described in Appendix B. Estimates were obtained of the

expected conditions and zero-powec gain as a function of distance from the injector.

The premixed approximation was made although, as iuentioned earlier, this ignores

the important effects of mixing. The calculations do, however, permit the roles

of various chemical and energy-transfer processes to be examined. The composi-

tion of the mixture at the start of the integration was obtained by determining

the composition of the precombustor gas from the results of the thermochemical

analysis (for 10 percent F-atom and 1500 K) and then adding cavity fuel (H2, HCl,

propane, or HBr) at a concentration that is three times that of the F-atom.

Three series of kinetic calculations were conducted during the course of the pro-

gram. In the first series, the cavity fuels H2 and HCl were compared using the

baseline precombustor system F2-D2-He and a DF-free system F2-C6F6 -He. These

cavity fuels were also compared with liquid precombustor systems using C1F 5 as

the oxidizer and ND3 and C6F6 as the combustor fuels. In the second series, the

cavity fuels H. and propane were compared using the baseline precombustor. Fin-

ally, HBr and H2 were compared using both the baseline precombustor and a DF-free

reactant system. Because the kinetic calculations were made over a period of

about 2 years, somewhat different kinetic parameters were used for each series.

Series I Kinetic Calculations, Comparison of Systems:

F2 D-D2 -He-H 2/IICl, F2 -C 6 F6 -"" 1|2/HCl, CIFs-ND.;-He-H2/

IICI and ClF5-CfF6-He-H2 /HCl

Kinetic calculations were conducted for these eight reactant systems choosing

precombustor conditions that producelO percent F-atoms at 1500K. In each case,

the mixture was assumed to be at a temperature of 250 K and a Mach number of about

3.5 at the start of the integration.

*Test calculations have been run to compare the VIREL code with the RESALE pro-
gram developed at Aerospace Corporation. Equivalent results were obtained.

68



The calculated static and stagnation temperatures for these conditions are plotted

in Fig. 30 through 37* as a function of distance. It will be seen that the

faster rates of temperature rise in the HC! systems result from the assignment of

a larger rate constant to the F + HCl pumping reaction. The calculated Mach num-

bers are plotted in lig. 38 through 45,

The reaction types included in the first kinetics analysis are cutlined in Table

XJII*.The xnomenclature employed is arbitrary. The reactions HF(V) + H = HF(V-l)
+ 11 are designated in this table as V-T reactions, while the reactions HF(V) + H

= HF(V-2), (V-3), etc. + H are designated as scrambling-deactivation reactions.

The rate constants employed in this kinetics analysis are defined in Table XIV.

These rate parameters were obtained from discussion with Dr. Norm Cohen of Aero-

space Corporation, and with Dr. Wayne Solomon, then of AFRPL. For those reactions

contained in Dr. Cohen's compilation of recommended rate parameters, his values

were used. Some of the rate expressions contained in Table XIV are simply estimates.

It is assumed in Table XIV that the very exothermic Reaction VI-B goes only to HF(O).

In the VIREL program, the excited states of HF are assumed to form in Reaction VI-B

in proportion to the concentrations in which they are present. Neither of these

assumptions appears to be reasonable, so a product distribution should be estimated

for Reaction VI-B in future calculations.

Because N2 was in the program but CF4 was not, it was expedient in the Series I cal-

caultions to use N to account for CF deactivation, but the rate constant used for
24

N, (Table XIV) was lower than the value that has since been measured for CF4 by

about a factor of 1000 (see Table IV). However, the deactivation rate obtained for

CF4 was so small that it would not represent a significant deactivation path even if

the larger rate constant had been used.

Presented in Fig. 46 through 53 are the predicted species plots generated directly

by the VIREL program. These plots show the general trend of increased pumping

rates with HCI as the cavity fuel. The individual pumping reactions are plotted in

Fig. 54 through 61. These rates are in units of mole fraction per cm. In all

cases where HCI is the cavity fuel, the reaction that pumps the HF(3) level reverses

*For convenience, Fig. 3 through 127 and Tables XIII through XXII are placed at the

end of Phase I.
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,Ct(6CLTV - whereas this does not occur (by the end of th3 graph) 'or the

HF(3) - 1.

Scaicdilaced zero-power gain curves are presented in Fig. b2 through 69 !or

1_,r ies 1P, P(4) , P1 (4), P1 5) and P! (6" Although not shown, most of the

2~linies dIiJ not* aaCh Lilesiold. Th psition of maxiu ganocurs close'r to

thie :iuzzic- as the theoret-ical pumping rate is increased by employing I!CI as the

cavity fuel However, the maximum power calculated for thu P2 iines is essentially

infIJ-Peo~fot of whether the fuel is 111 or HCI (the HiCl reached its niaximunm gain so

rapidly that it may have been greater than that calculated at 0.05 cm, the first

printout position). On the other hand, the P1 gains increase by factors of abcut

1 .5 to 3 when thle 11 is replaced by HC1.
2

Detailed Kinetic Iknlysis. To gain further insight into the effects of various

.mpecies on tile k~recics ot the cavity reactions, a computer routine was written

to explore, in deItail, the rates of specific reactions and reaction types. O'si 'I

thle compositiorn at a given distance froia- the injector as calculated by the \IRLI-.

pro~rarn, thiS LOUtine calculates the rate for eacb, reaction and su.mn3 the rates ot

Valliou! :Lasses cf reactions. When desired, the r~ates of the individual reacticn;

can be listed. An e~xample of such a listing for reacrt'nt system V1, CIF -ND-ile-

:1HCI, is showni i-n Table XV**. In Table XV the rate constants are in units ofl

10"e cc) ss K IF and KR are the rate constants for the i ,.w.iro and ~v~~

-iections, respectively, for the reaction as written. 'therefore, KF,'KR is the

ciquilibritim cons tant . RI' and RR are tll, calculated reaction rates-, in Units of

!i'oieb per c.c per sec, in the forward and reverse directions.

PtLhtps, ail even more informative output format for this coml'uter routine are ti.,.

:a-C sur"Inaries presented in Tables XVI through XX. The downstream positions clio._

f or th-ese calculations were those at which either the P! or P2 lines achieve maxi

imum calculaed zero-power gain. The following examples will illustrate thle Lype

infrmracii L~t' s contained in these tables. In case I, the baseliihe case, it

W be seen from lable XVII that the HF(l)1 and HF(2) levels are increasing at the Samae

rate and the PF(0) is increasing more slowly. This is in agreement with thle 1P2

'Mo~re recent data iiidicate that the F + HCl reaction is slower by about a fac.tor
o F 21 Thall the hates employed in these calculations.

"ARestilts presented in Tables XV and XVIII are for conditions attained with a pre
corl11iis.tor that formed 5 percent F-atoms. All other kinetic calculations in this
report wtre bas;ed on 10 percent F-atoms in the combustor exhaust (before mixiil
izi cavity fuel).
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gains being ac their maxima, while the Pl gains are still increasing (Fig. 62).

The loss of HF(2) is about one-half the rate at which it is being pumped. This

loss is mostly from HF-HF V-V processes, particularly: HF(2) + HF(2) - HF(l) +

HF(3). The HF(l) level is being pumped more slowly but gains overall from V-T

and V-V processes in a cascading effect. The HF(O) is not formed in the pumping

reaction but is formed from deactivation of the higher levels, mainly via H +

HF(2) = H + FF(O) and H + HF(3) = H + HF(O). Therefore, based on the rate con-

stants used, ')F is not particularly detrimental in the baseline system out Hf atom

reactions and the inherent energy transfer between HF species are the limiting

processes. The reaction HF(2) + HF(2) = HF(l) + HF(3) does not remove appreciable

vibrational energy but distributes it to levels where the gains are inherently lower.

When the H2 in the baseline system is replaced by HCl ( Table XVIII), thereby

eliminating the detrimental effect of H-atoms, the HF(O) is again formed at an

undesirable rate. About two-thirds is formed from the HF-Hr V-V deactivation of

higher levels. More HF(O) is formed directly in the pumping reactions than in

V-T processes. In systems containing both H2 and ClF 5 , the reaction of H and ClF

occurs quite rapidly but an assessment of the effect of this reaction or the over-

all gain cannot be made until the specific pumping rates to the various levels of

HCi and HF have been determir,ed.

No obvious detrimental effects of the use of advanced reactant systems are indi-

cated and the results suggest that the elimination of H2 (H-atoms) would be bene-

ficial if the new pumping reaction does not form appreciable ground-state HF.

Series II Kinetic Calculations, Comparison of Systems:

F2 -D2 -He-H 2 and F2 -D2 -He-C,H 8

Kinetic calculations were l:ter conducted to compare H2 and C3H8 as cavity fuels.

The baseline precombustor was selected for these calculations. The rate constants

used in these calculations were updated from the Series I set (Table XIV) based on

additional data that became available and discussions with several people inter-

ested in this area.

Rate Constants. The revised rate constants used in the Series II kinetic calcula-

tions are listed in Table XXI.
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V-T Rate Constants. The first term in the rate expression for the V-T re-

actions HF(V) + M = HF(V-l) + M with M = HF was increased giving the following

expression:
+ 2.5VT 3" 5 (1-45)

kV.-T(M:iF) = 10 1 4 . 2 3VT-0 8 + 2.5 VT
3 .5

which matches the experimental value (Ref. 18 through 21 ) at a temperature of

300 K. For M = DF, the pre-exponential factor was increased to fit the rate data

then available. The following rate expression was then obtained by separating

the HF-DF V-V rate, which was estimated as 1011.48 V:

kV-T(M=DF) = 106VT17 (-46)

The rate of deactivation of HF by propy! radical was assumed to be the same as

the rate measured by Green and Hancock for propane (Ref. 19*). Because our book-

keeping system defines these processes as V-T, the following rate expression was

obtained:

kVT(M=C3 H8 + C3 H7) = I0 7 4 7VT2  (1-47)

4HF-lF V-V Rate Constants. The Series I calculations indicated that the

rates of the HF-HF V-V reactions are much faster than any of the HF-M V-T (or

V-T,R) reactions. The more recent results of Osgood, Sackett, and Javan (Ref. 22)

indicate that some of these HF-HF V-V reactions may be much faster than the rates

obtained using the previously estimated rate constants. Based on these results,

the rate constant for the reaction HF(l) + HF(l) - HF(0) + HF(2) was increased

slightly to
(1-48)

k = 1.9 x 1012 x T1 / 2

and the rate the reaction HF(1) + HF(2) = HF(3) + HF(0) was increased by a

factor of 12 to

k =9.2 x 101 2 x -1/2 (1-49)

*A lower value was reported by Anlaub et al. at 320 K (Ref. 44).
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Th rate constant obtained fromEq. 1-49 approaches the collision frequency. It is

not likely, therefore, that the rates of the HF-HF V-V reactions will increase

further for the higher vibrational levels of HF. Therefore, the rate constants

for the higher le\els were also set equal to Eq. 1-49 (in the faster, exothermic,

direction).

Pumping Reaction. The rate of the reaction F C3 H8 = IF + C 3 H7 was taken as

that reported in Ref. 23 and was assumed to be constant with temperature because

the activation energy is unknown. This global puming rate, 3.4 x 10 13, is slightly

lower than the rate of 5 x 10 1 measured later under this program (Phase III).

The distribution of vibrational energy in the HF formed was taken to be the same

as in the F + H 2 reaction (Table XlV).

Conditions Employed in Series !I Kinetic Calculations. The precombustor product

composition was taken as that which would be obtained from the baseline F2-D2-He

precombustor system if chemical equilibrium were attained at a temperature of 1500 K

with reactant ratios such that 10 mole percent F atoms are present in the pre-

combustor exhaust. To this hypothetical mixture,fuel (H2 or C3H8) was added at a

- I fuel/F molar ratio of 3. This gave an initial premixed composition of He = 59.5

i mole percent, F = 7.69, DF= 9.69, and fuel = 23.1. Similar initial compositions

were used in the S,:rie!" I and Series III kinetic calculations.

The mixtures were assumed to be initially at 250 K and the cavity pressure was 0.01

atm (7.6 torr). With 112 the velocity was 2.488 x l0 S cm/sec (initial Mach number

of 3.5) while in the propane case it was 1.468 x 105 cm/sec (Mach 3.85). Recent

experiments conducted at Rocketdyne and calculations made on the kinetic-mixing

code being developed under a company-funded project indicate that higher tempera-

tures may actually exist in the mixing zone. Unfortunately, the rates of many of

the important processes have been measured at ambient temperature only and their

temperature coefficients have not yet been established.

Results of Seii..s II Kinetic Calculations. The theoretical comparison of propane

and hydrogen as cavity fuels gave the following results.
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Calculated Zero Power Gain. The zero power gain curves calculated for various

11F lines are plotted in Fig. 70 through 72 for t2 and Fig. 73 through 75 for propane.

Because of the increased HF V-V rates used, maximum gain is reached in a much shorter

distance for the baseline case than in the Series I Calculations (Fig. 62). The fol-

lowing approximate equations will be useful in the discussion of these quantitative

results. At maximum gain, Gmax' the rates of the pumping and deactivation reactions

are approximately equal:

kp. (F). (Fuel) c kd [HF*1 2  (I-SO)

If the very crude approximations are made that the pumping reaction rate is con-

stant up to the point of maximum gain, and the gain is proportional to the concen-

tration of excited HF, the following qualitative relationship is obtained:

Gmax c (kp/kd)l/ 2  (1-5l)

Because the V-V deactivation rates are proportional to the square of the HF* con-

centration, they will not become a serious loss until the gain approaches its max-

imum value. This gives the approximate relationship for the time tmax required

to reach maximum gain:

(1F) 1k G k(-2)
max  max p max p

Comparison of Fig. 70 and 71 with Fig. 62 indicates that increasing the HF-HF V-V

rates markedly decreases the gains calculated on the iF(2) - HF(l) lines vith H2

as the cavity fuel. The gains on the HF(l) - HF(O) lines are aibo decreased, but

only slightly. These trends are in qualitative agreement with Eq. I-S1. The V-V

deactivation rates for the higher HF levels were increased by about an order of

magnitude, and those for HF(1) by a much smaller amount.

The calculated zero power gains are higher by about a factor of two when propane

replaces It2 as the cavity fuel. This is true for both the Pl and P2 lines. The

average ratio of the pir.ping rate constant for propane to that for IL. is about 4

over the temperature range of 250 to 300 K. This ratio is the same for the pump-

ing of both IIF(2) and IlF(l). Thus, this quantitative result is also in agreement

with the qualitative Eq. 1-51.
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With both fuels, the P1 lines reach their maximum at a distance from the nozzle

that is about twice as great as the distance where the P2 lines reach their maxima.

Since the P2 gains are higher than those for HF(l) by a factor of 3.4, Cq.I-S2 in-

dicates that the time to reach maximum P1 should be longer by a factor of 1.35.

Because the gas velocity with 112 is 1.7 of that with propane, the predicted distance

factor is 2.3 in qualitative agreement with the results in Fig. 70 and 71 and in

Fig. 73 and 74.

The gain curves with propane reach their maxima in about one-third the distance

compared with 1H2. Substituting into Eq.I-52 that Gmax with propane is higher by

about a factor of 2 and k is higher by a factor of 4, the 112 should take twice as
p2

long to reach maximum gain. Thus, the qualitatively predicted distance factor is

2 x 1.7 or about 3.4, in agreement with the more exact calculations.

Pumping Rates. Figures 76 and 77 show that the pumping rates at a temper-

ature of 250 K are nearly an order of magnitude faster with propane than with H2,

but this difference becomes smaller as the temperature increases because of the

difference in the assigned activation energy. It should be noted that the rates

plotted in Fig. 76 and 77 and later figures are in units of mole fraction per

centimeter and involve distance units rathe'r than t:,,: usual time units. The rate

constants for pumping from propane are faster by a factor of 5.2 at 250 K than the

rate constants for pumping from H2 . Since the gas velocity in the H2 case was

chosen to be 1.7 times that of the propane case (to give similar Mach numbers),

the pumping rates in distance units are in the ratio of 8.8 to I as shown in Fig.

7t) and 77.

Gas Temperature, Mach Number, and Relative Areas of Flow. Figures 78 through

83 are plots of the gas temperature, Mach number, and relative area of flow as

a function of distance for the two cases. The temperature rises faster with pro-

pane but, with either fuel, the temperature increases only about SO degrees before

maximum gain is reached.

Species Plots. The calculated mole fractions (.f the various species as a

tfunction of distance are snown in Fig. 84 awl 85. Because the excited states of
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IF were assumed to form in the same ratio in both pumping reactions, these figures

are quite similar. With propane in place of H2, the propyl radical replaces H

atom as the species that builds up from the pumping reaction. The further reactions

of the propyl radical with F-atoms (e.g., to form HF and propylene) were not in-

luded because they would not greatly affect the results in this calculation (be-

cause of the large excess of propane) unless a product was obtained that was ex-

tremely efficient in deactivating HF. The arrows at the bottom of these two fig-

ures indicate (fo comparison purposes) the distances at which the calculated zero

power gain curves reach their maxima.

Detailed Kinetic Analysis. A very detailed kinetic analysis was presented for the

Series I calculations. The purpose of such an analysis is to identify the more

important reactions of the many which can occur in these reaction systems. The

numerical analysis method that was developed is quite informative, but rather

difficult to use. For this reason, additions were made to the V'IREL code so that

rates of various reactions and classes of reactions could be machine-plotted as a

function of distance. These plots are simpler to review and have the added advant-

age that the analysis is not limited to a single distance from the injector.

The four curves in Fig. 86 demonstrate the types of reactions that are most im-

portant with respect to the formation and loss of the species HF(2). The reaction

rates are plotted on a linear s.ale with positive rates indicating the formation

of IfF'?) and negatives rates the loss of HF(2). These curves were obtained with
ff. as th cavity fuel. In agreement with the species plot (Fig. 84), the total

rate of formation of HF(2) becomes zero at a distance of about 2.4 Mm. fhe detailod

analysis shows however, that HIF(2) is still being pumped at a rapid rate, but the

rate of %V-% deac'.ivation has increased t. the point where the deactivation rate

equals the pumping rate. It can also b. seen from Fig. 516 that the V-T and scramb-

ling reactions* are not fast enough to affect the concentration of HF(2).

Similar plots are presented in Fig. 87 and 88 for the species HF(l) and HF(0).

It can be seen that the rate of formation of HF(l) becomes equal to the rate of

*Scrambling reactions have been arbitrarily defined as the reactions of H- and D-

atoms with HF and IIF* in which isotope exchange occurs or AV>1. Therefore, the
reaction If + lF(2) = HF(O) + H is defined as a scrambling reaction while If + 1IF
(2) =-IF(l) + H is a V-T reaction.
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of formation of IHF(2), a point just before the HF(2) HF(l) transitions reach

maximum gain. A similar situation is demonstrated with HF(l) and HF(0).

In Fig. 89 and 90 are plots of V-V rates only for the species HF(2) and HF(l).

The "total" V-V curves in these plots are the same as the V-V curves on the pre-

vious plots. Also shown, however, are the rates of th: individual V-V reactions

HF-HF, IIF-H 2, and HF-DF. It can be concluded from these plots that the HF-HF V-V

reactions are the dominant energy-transfer process in an HF laser.

Figure 91 compares the rates of individual V-T reactions of HF(l). The deactiva-

tion by DF is the main V-T reaction. All of the V-T processes are slow compared
to the V-V processes.

The rates of formation of HP(01 by various scrambling reactions are shown in

Fig. 92. Of these, H + DF(Q) - HF(0) + D is dominant, but the rate is quite slow

until well beyond the point of maximum gain.

The results of a similar detailed kinetic analysis for the propane system are

plotted in Fig. 93 through 99. The results obtained were similar to those of

the H2 system. HF-HF V-V reactions dominate the energy-transfer processes. Deacti-

vation by C.I18 and C3 H7 is the fastest of the V-T reactions, but is slow compared

with the V-V reactions, especially in the case of the species HF(2).

This kinetic analysis demonstrates that the theoretically limiting"deactivation'

processes are IHF-HF V-V reactions whether the cavity fuel is 112 or propane. The

faster rate of the pumping reaction from propane accounts for the larger theoret-

ical zero power gain that was obtained in the computations described earlier. Be-

cause the HF-HIF V-V rates used in these calculations are so large, deactivation

by other species, including DF, is found not to be an important process. There

is experimental evidence, however, that the presence of DF may be detrimental in

real systems.
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Series III Kinetic Calculations, Comparison of H2 and fIBr

as Cavity Fuels With Baseline and DF-Free Precombustor

The Series III kinetic calculations compared the predicted zero-power gains for

th3 cavity fuels (H., and HBr), using both the baseline F2-D2-He precombustor and

a DF-free precombustor (F2-(CN) 2-He) employing again the premixed approximation.

The calculated gas temperatures, Mach number, and relative areas of flow are

plotted in Fig. 100 through 111.

The rate constant employed in this series of calculations are listed in Table XXII

The rate of F + HiBr pumping reaction is that measured in Phase III of this program

(see later section). The HF-HF V-V rates are about an order-of-magnitude smaller

than the rates measured by Osgood, et al. These rates were selected because cal-

culations made using the Rocketdyne kinetic-mixing code indicated that agreement

with experiment coulu be obtained only if the slower V-V rates were used. The

deactivation of HF by HBr was assumed to be entirely a V-T,R process for the pur

poses of these calculations. The rate at 298 K is 1.4 x l01l (mole/cc)-l sec -1 ,

in agreement with the rate measurements of both Bott and Cohen, and Ahl and Cool

(Table IV). Ahl and Cool found the rate at 350 K to be lower by a factor of about

2 than at 300 K.

The species plots are presented in Fig. 1!2 through 115. The species CF4 and N2

are not shown in these plots. In Fig. 116 through 127, the calculated zero power

gain curves are compared for selected lines. Maximum gain was reached in a shorter

distance with HBr because of the faster pumping rate. The presence of DF had

little effect on the calculated gain. The gain curves for the baseline fuel, H,,

were similar to those obtained in the Series I calculations because the slower

HF-HF V-V rates were again employed.

The calculated gains on the HF(1) -- HF(O) lines were smaller by a factor of 2 for

IfBr compared to If2 (see Fig. 116 and 118). The maximum gains are higher for Io.

by a factor of 3 on the P2(3), and P2(4) lines and a factor of 2 on P2(5) ana P2(6

(Fig. 120 and 122). The gains calculated on the HF(3) - HF(2) lines are much grc(ai

for HBr (see Fig. 126 and 127) because the F + HBr pumping reaction is more exo-

thermic. A detailed kinetic analysis was not conducted for the HBr systems.
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Conclusions and Recommendations

The following conclusions are indicated by the results of the kinetic analysis:

1. The fast IIF-HF V-V processes dominate energy transfer in the cavity.

2. Species such as CF4 and SF6, that are formed from advanced precombustor

fuels, do not deactivate [IF nearly as rapidly as does DF. Therefore,

based on the mechanisms used in the calculations, advanced precombustor

reactant systems should have no detrimental effect on laser efi'ciency

except for those combinations that generate increased amounts of DF

(e.g., NF3 + ND3). The effects of some potential cavity reactions,

such as the reaction of H atom with C1F or 09 formed in the precombustor,

were not evaluated.

3. Cavity fuels that undergo faster pumping reactions with F atoms give

higher zero-power gains provided that the energy distribution of the

pumping reaction is favorable (in particular, i' little ground-state IF

is formed).

4. The zero-power gains are calculated to be higher by a factor of 2 when

propanie rplaces It2 as the cavity fuel. Most of this increase results

from the pumping rate (faster by a factor of L) although some minor

benefits are obtained from the elimination c I atom. This prevents

the occurrence of reactions such as H + DF = HF(O) + D and II + HF(2) =

II + HF(0).

5. The cavity fuels !!Cl and IIBr have the potential for improved performance

over Hf2 but the calculations made on these fuels were not conclusive

in this respect. HCl and !!Br do not form H atoms, which can undergo

the detrimental reactions mentioned above, and the HBr pumping reaction

is faster and 50 percent more exothermic than the 1L, pumping reaction.

Because the distributions of the excited states of IHF formed are differ-

ent from the distribution from H2, the comparison of zero-power gains

does not yield directly a figure of merit. Extracted powei calculations

would give a more definitive rating.
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The er.ergy lirtribution in the F + HCl pumfing reaction is somewhat less favor-

able than in the F + H2 reaction because more grouied-state HF and less HF(3) is

formed. Te conclusi-ns that can be drawn from the HC calculations, which were

conducted early in the program, are limited also by the use of too large a ratc

constant for the F + HCl pu1npir.g reaction.

The F + I-Mr global pumping rate is faster by -i factor of 3 than the F + H2 rate

(see Phase III of this report). The F + HBr pumping reaction is exothermic by

4".5 kcal/mole cowpared with 31.9 for the F H2 reaction. This leids to a more

favora!oe energy distribution in th, higher levels: 20 percent in HF(A), 27 per-

cent ip HF(3), 30 percent in HF(2), and 18 percent in HF(l). However, about 6

percent of the HF molecules are formed in the ground vibrational state.

The limited effect of DF on the zero-p er gains that were calculated resulted,

in part, from the use of premixed aFproximation and partly from the assignment of

most of the deactivation b; DF to V-V processes (i.e., the excited DF formed may

be rezurning part of its vibra onal energy to HF in a subsequent V-V exchange).

[eceit calculations at Rocketdyne using a kinetic-mixing code indi-ate that DF is

more detrimen-a] in the cavity of an HF laser by several fold than is indicated

by calculations using the premixed approximation. This is in agreement with exper-
I Lmental observations on DF. Also, although the rate of deactivation of HF(1) by

F is known fai-rly accurately, the relative magnitudes of the V-V and V-T, R

processes are not certain (Ref. 15 and 16).

IThis analy 's represerts a step in the attainment of an understanding of the cavity

mechanisms and d.;.instrates boch the analytical procedures ana the detailed rate

data that are recuired. It i.s recommended that future calculations of this type

be made .ith lzreii mixing cudes and that power calculations be used to compare

cavity ftels -,.io. :umping reactions have different energy distributions.

The tbermcc,'-,,."..i calculations demonstrat-d that the use of advanced precombustor

reactants, wit.h better physical properties than D2 and F will not lead to reduced

laser performance if efficient combustion can be achieved, and may lead to improved

80



performance be reducing the amount of DF introduced into the cavity. The kinetic

calculations indicate that the use of cavity fuels with pumping rates that are

faster than the pum., rate with H, should give improved performance under pre-

mixed conditions. Howeer, in an actual laser, mixing of the higher molecular

weight cavity fuels is a oro'i1m, as shown in the following experimental section.

*Textr: --es on p:'s-.. t,
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TABLE XIII. REACTION TYPES INCLUDED IN SERIES I KINETIC CALCULATIONS

'YPE I, COLD PUMPING

REACTION I-A: F + H2(VI) = HFCV2) + H
(V2 = 0 TO 3, Vi = 0 TO 2)

REACTION:I-B: H + HF(V) = H2(O) + F
(V = 4 TO 6)

REACTION I-C: F + HCL(O = HF(V) + CL
CV = 0 TO 3)

iiEACrItON I-D: CL + HF(V) " HCL + F
(V = 4 TO 6)

TYPE IP. HOT PUMPING

REACTION II: H + F2 = HF(V) + F

TYPE III, V-V ENERGY TRANSFER

REACTION III-A: HF(V1) + HF(V2) = HF(VI-l) + HF(V2+l)
(VI = Y TO 8, V2 = V. TO 7)

REACTIO)N II1-B: HF(VI) + H2(V2) = HF(Vl+I) + H2(V2-I)
(VI = 0 TO 3, V2 =1 TO 2)

REACTION III-C: HF(VI) + DF(V2) = HFCVI-I) + DF(V2+1)
(VI = 1 TO , V2 =0 O 2)

REACTION III-D: HF(V1) + HCL(V2) HF(VI-1) + HCL(V2+1)
(VI = I TO 8. V2 = 0 TO 2)

REACTION IIl-E: H2(V1) + HCL(V2) H2(VI-1) + HCL(V2+l)

(VI = I TO 2, V2 = 0 TO 2)

REACTION III-F: '42(VI) + DF(V2) = H2(VI-I) + DF(V2+I)

(VI = I TO 2 V =0 TO 2)

REACTION III-G: HCLCV) + DFCV-1) = HCL(V-l) + DFCV)
(V =I TO 3)
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TABLE XIII. (Concluded)

TYPE IV, V-T DEACTIVATIONAk..ACTION IV-A: HF'(V, + HF.'V-1) + M
(V = T,,; "

kEIACTION IV-8: DF(V) f" C ' 'J-lI + -
(V = I T 105)

REACTION IV-C: H2CV) + M H2(V, -) V A,
(V = j TO 2) ,

IEACTION IV-D: 14CL(V) + M = HCL(V-. + M.,
(V = I TO 3)

TYPE Vs SCRAMBLING-DEACTIVATION

REACTION V-A: HF(V) + P = HF(V-i) + H
(V 2 TO 7s, 1 = 2 TO V) "-

REACTION V-8: DF(V) + H = HF(V-I) + D(V V=l TO 02 I = I TO V)

REACTION V-C: HF(V) + D = DF(V-I) + H
(V = 0 TO 3, I = 0 T V)

REACTION V-D" h2V) + D = HD + H
(V = 0 TO I)

REACIION V-E: HD + D = D2(0) + H

TYPE VI, MISC,

REACTION VI-A: F + CL2 CLF + UL

REACTION VI-B: H + CLF = HF(O) + C1.

REACTION VI-C: H + CLF = HCL(O; + F

REACTION VI-D: D + CLF = DF(O) + CL

14 I
fi
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TABLE XIV. RATE CONSTANTS EMPLOYED IN SERIES I

KINETIC CALCULATIONS*

F 2Pupn (Reactlon [-A) and Reverse (1-11):

H+2 F(i) +H k - i1~ "~p (-1600IT)

F + H2 . HF(2) + H k - 1013~ ep (-1600,'RT)1).(A

F + HF2 -+H HF()+ H k- 10 exp (-16o0/RT)

HF(5) - H 2(0) + F k. .3 gmp (-570/RT)

F Cl Pumping (React Ion 1351n.ovre 10

F~~~~ ~ ~ ~ + *()-H()+C I 10 1328ep (-510/RT)

14.1

Ci + HFP.) - HCI : F

CI + 14(5) - HCI F Not Included

C) + HF(6) - MCI + F

Hi + F2 Pump Ingt (Reaoction 11):

12.GA
H +F 2 -HF() + F k - 10 amp (-2400/RT)

H 2 HF(I) + F k - 10 12G4 emp (-2400/RT)
2 H(2)+ Fk: - 0!.1 x (-24o/RT)

H+ 2 -HF(4) + F k - 1013.20 exp (-2400iAT)

H 2 *HF(S) + F k - 1013-56 &xp (-2400/RT)

H F HF(6) *F k - 1013.68 amp (-2406/RT)

FItH(7 - 10 a"p (-2400/RT)
H +F 2 K-F(8) +F k - 10 exp (-2400/iT)

HF -HF V-V Proceses (Reaction Ill-A):

HF(I) + HF(I) - HF(0) + HF(2)
HF(3)-+ HF(3) - HF(2) + HF(3) I 0

HF(2)-+ HF(2) - HF(I) + HF(4)
HF(4) + HF(4) - HF(3) + HF(S) k -101MS2 . 5

HF(S) + HF(S) - HF(A + HF(6)
HF(6) + HF(6) - HP(5) + HF(7))
HF(7) + HF(7) - HF(6) + HF(S)

HF(1) + HF(2) - HF(O) + H' (3)
HF(2) + HF(3) - HF(I) + HF (4)
HF(3) + HF(4) - HF(2) + HF (S) It 10 11.o T0.

HF() +Hrs) H(3).+HF(6)
HF(5 + H(6) HF() +HF(7)

HF(6) + HF(7) - HF(S) + HF(S)

HF(I) + HF(3) - HF(O) + F)
HF(2) + HF(4) - HF(i) +. HO()WI5
HF(3) + HF(S) - 4.F(2) + HF(6) k - I0 1570.O5

HF(4) + HF(6) - HF(3) + HF(7)
HF(S) + HF(7) - HF(A + HF(S)

if HF(1) +. 1F(4) - XF(0) + HF(S)
11F(2) + HF(S) - HF(1) + HF(6) - c-111.27 T0.5
HF(3) + HF(G) - HF(2) + HF(7) k-1

HFQ.) + HF(7) - HF(31 + HF(S)
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TABLE XIV. (Continued)

HF .,2 V-V Processes (Reactiln l 0-8):

HF(O) + H(I) - Hr) + .2 (0) 1 95

HF(O) H2 (2) - HF(I) + H2 (0)
HF(l) + H2(1) - HF(2) 4 H2(0) k - I012.46

HF(I) + H2 (2) IIF(2) + H2 (I)

HF(2) + H2(1) - HF() + H2 (0) k - 101295

HF(3) + H2 (I) - HF(4) + H2 (0) k - 1013-
30

HF - OF V-V Processes (Reaction Ill-C):

HF(I) + OF(O) - HF(O) + OF(1) 11.06
HF(I) + DF(l) - HF(O) + OF(2) k -10

HF(I) + OF(2) - HF(O) + OF()

I HF(2) + DF(O) - HF(I) + OF() 1011.37

HF(2) + DF(I) - HF(I) + DF(2) k -

HF(2) + DF(2) - hF(I) + OFM()

nF(3) + OF(O) -. HF2) + OF(I) ) 11.54
- HF(3) + DF(I) - Hr(2) + OF(2) k - 10

HF(3) + OF(2) - HF(2) + oF(3) )
HF(4) + DF(O) - HF(3) + DF(I) k 1011.67
HF(4) + DF(I) - HF(3) + OF(2) k -0
HF(4) + DF(2) - HF(3) + OF(3) )
hr(5) + DF(O) - OF(4) + ONO 1.76
HF(5) + OF(I) - HF(4) + OF(2) k-
HF(5) + DF(2) - HF(4) + OF(3)

HF(6) + OF(O) - HF(5) + OF(I) 1 1011.84
HF(6) + OF(l) - HF(5) + DF(2) k -

HF(6) + OF(2) - HF(5) + DF()))

HF(7) + OF(O) - HF(6) + DF(1) - 1011.91
HF(7) + OF(I) - HF(6) + OF(2) k W
HF(7) + OF(2) - HF(6) + OF(3) )
HF(8) + DF(O) - 14F(7) + OF(I) k
ilF(8) + OF(I) -H(7) +F(2) k-IHF(8) + OF(2) - F(7) + OF(3)

liF HCI V-V Pro.es-es (Reaction Ill-D):

These rt te constants were assigned the same values as for

the HF - OF V-V processes above.

H2 - HCI V-V Processes (Reaction Ill-E):

H2 (I) + HCI(0) - H2 (0) + HCI(l)

H2 (I) + HCI(I) - H2 (0) + HCI(2)

H2(1) + HC!(2) - H2(0) + HCI(3) k 12.00
H 2(2) + HCI(O) - H 2(1) + ir I(I)

H2 (2) + HCI(]) - H 2(1) + HC1(2)
H2(2) + HCI(2) - H2() + HCI )

.12 - OF V-V Processes (Reaction III-F):
These rate constants were assigec. the same values as for
the H2 - MCI V-V processes above.
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TABLE XIV., (Continued)

MCI - OF V-V Prq~osses (Reaction 101-6):

HCI(l) + DF(0) - HCI(O) + OF(l) 12.00
HCI(2) + DF(I) - HdI(l) + DF(2) k *10
HCI(3 + DF(2) -HCI(2) + OF(S)LiHF() +M- OF (V-1) + V T. A frius(,LmallIVAjk:

mN.OF k e V(10~ 140 T'.3 o

IsU 01+ 03

HF(I) + H - HF(0) + H ki - 10 emp (-550/AT)
HF(2) + H - HF(O) + H It 10 1c3.5 amp (-910/IAT)

HF(3) + H- HF2 +1 Me It a 1 3. p (-"$O/AT)
H()+H -HF(h) + HIta11.4gp WT

HF6)+ H(5). +H k w 10 1.7exp (-$$/AT)

H( H F(S) + H k 0 to 1J5 aep (-SN/rn)
HkS +M- F HIt0t .5Sp(- /T

H- 2*k-v (0.74 I)

HF(I) + F - HF(O) + F It a 10 101 sp 1i0@/AT)

HF(2) +F - K (1) + F k- e1.4GRP (-500/AT)
HF(3+ .F -HF(2) + F

HF(h) + F - HF(3 + Ff

34F(5) + F -HF(4) +F 10.1s
HF() + FH-F(S) +F It- 10

MFM7 +. F -HF(6).+ F

,ir(S) + F - HF(7) + F)

m .Cl k- 10 0.0 T ei: (-1000/AT)

H - (:f. Cf 4 k -V ('01 0 T)
m;-dil2- mo, 0 2, D It 0 -tWT

DF(V) 4 M_- OF (V-1) +. N V T, A pmuwssf (wilm IV-S):

N.H 2 . F, Ct2 CIr It 18.0 T1

2 (V) + K w 2 (V-1) + M V -T. unimsn (e Iany4):

itN .H 2 k- sV (130 T~ 4.
3

N all others k - V (0-3.60 T4.3)

O-F, HCI, Of kt' 10 IC. exp (-2100/AT)

M-, F. Cl, 0 k-1 
5 .00 T *K (-;3 00/AT)

M 4 1 He k 1@
0
'J) T

- F 2, ClCi 1.I0 4
M-CF, k 10 T
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TABLE XIV. (Concluded)

141(V) + it - HF(VI) + H Scrarmbling-Deactivatiin (Reactior V-A)

141(2) + H - MF(0) + H k - 1013.68 e,,p t-910/RI)

HF(3 + H - HF(l) H k - 1013.6 8 exp (-l000/RT)

141(3 + if - 141(0) + H k - 1013.
82 

ex p (-1000/RI)

141(4) +. H - 141(2) 4 H k * 036 x -6/T

141(4) +H - HF(I) + H k - 10 13.42 e, p (-665/RI)

141(4) + H - HF() + H k - 1013 
59 ex p (-665/RI)

141(5) + H - 141(3 + H k - 1013-29 ex p (-570/RI)

HF(5) + H '.HF(2) + H k - 103-2 ex p (-570/RI)

HF(S) + H- 14(I) + H k -1033 ep (-570/RT)

141(5) + H4 - 4(0) + H k - 1013-51 ex P (-570/RT)

111(6)4+ H- 14(4)4+1H k - 101
3
.
45 ex p (-550/RT)

141(6) + H4-11(3 + H k4- 10
13

.
29 

exp (-550/RI)

141(6) + H 141(2) - H4 - 1013.27 exp (-550/RI)

141(6) + H - HF(I) + H k- 13.1exP (-550/RI)

141(6) + H - 14(0) + H

141(7 + H4 HF(S) + H

PIF(7) -4 d 14(4) + H
141(+7)414- H(3 k1 4- 10 

13 52 exp (-550/RT)

141(7 + H - 14(2) +H

141(7 + H HF(Il)

14FM7 H - 14(0) + H

01(V) . H - 14(V') + 0 cabigDatvton(ecinV8ad-)

01(2) + H - 141(I) + D
01(2) + H - 141(0) + 0D
141(0) + 0 - 01(0) + 14

HF(I) + D - OF([) + 144 14(I) + 0 - 01(0) + if
141(2) - D - 01(2) + H
141(2) + 0 - 01(I) + H4

141(2) + 0 01(0) + H
141(3 + 0 - 0(3)

14(3 .- 0 -F( +1l
141(3) + 0 DF0(0) + H 1 o

3
-
00 

exp (-500/RI)
141(4 + 0 - 0(4)+H
00l() + 0 - 0(3) + H

HF(4) +D OF(2) -H
141(5 + 0 -F 0 -4 M
1F4) + 0 - 0(3) + H
141(5) + 0 01(2) + H
141(5) + 0 - 0(I) - H

141(5) + D - 0(0) + H

M2(V) + 0_- HD H_ 5cra-oling-Oeactivation (Reaction V-0)*

H42 (1) -0 *HC- + 4 - 1 27

H42 (0 ) - 0 -HD + P.

HO + (I -D2 + 14 Scranbling (Reaction V-E):

HO *0 - 2 (0) + i4 k - 1 27

Miscellaneous Reactionis (Vl-A thro6,gh Vi-0)-

1 - Cl - CIF - CI k - :014.73 ep(1O/T

H + CIF - HCI(0) + 1l k 10 
4
.
48 

e~p (-2100/RI)

0 * CIF - 01I(0) + FI k - 10
44  

ep (-2100/RI)

--o.~ ons are ~.*ten j. eohernick direction. Rate constants are
in units of(Z~e/t:-) ec
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TABLE XV. DETAILED KINETIC ANALYSIS FOR SYSTEM CiF 5-ND -HE-HC1 at 0.10 CM

(0.60 microsecond, the position of maximum gain on P2 lines;
precombustor: 1500 K and 5 percent F-atom)*

PACI T ON j -A: F + HP C V I %-FP) + -(HP COLD Pt'MPINCP)

K PRF PF-PP
I 141(0 ) H-I( I ) POPPE+IP 6.P3F-02 '4.44E-3R P.67F-1'7 d-. 4- 3P
P 14 ( I) UF j( i) 2 -,?2E+l 1 7.PSF - 10 n .aI OF- c% -.. 1F-55
3 HP(P) HF(1) P.22F+IP 2.3/iP-17 0 1.0QF-6P -I.OE-(A
'4 H2 (0) HF(P) 7 .53E+ 12 3.59F+06 150E'- 37 2.06F-.19 I.hPF-.17

HP ( I) HF(2) 7*b3F+12 4#19E-02 0 2.h0F-ij7 -P -'j')E- A7
6 HP(P) HF(P) 7.53F+120 1.35F-09 0 7.77F-55 -7.77F-55
7 P2(0) P-F(3) 3.76F+12 1.46E+13 7.52F-3P 1.73F-33 -1.73F>: 3
F H?(1) 14F(3) 3.76E+19 1.70E+05 0 2.OIF/4l -9.0IF-Mj
9 VHP(P) HF(3) 3.76E+12 b.5!F-03 0 6.50E-49 -6.50F-'A9

REACTION I-B: H + R(V) H 2(O) + F (REVERSE H2 COLD PIIMPING,.V=/h-6)

KFK FRR RF-PR
10 HF'(4) 7.41E+l2 4.7P1?+05 3.03F-,35 9.55F-45 3603F-395

PF.AC1ION I-C: F + CL(O) H F(V) + CL (HCL PUMPING)

KF KR RF RP RF-\P
it HF(O) 4".77E+12 P.36E-10 6-65F-04 .30)E-P( 6.65F-nA/

13 F(P) I:6F1 3.53F+06 A.55F-03 P:SFIn 45,-0

*Gas static temperature, 327.5 K; species concentrations are listed in Table XVI.
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TABLE XV. (Continued)

REAC1AON TIT-A: P~F(V1) + IFCVP) iF(Vl-1) +1JJ.VP+l) C14F-4F %I)l

90 1+1 = 0+2- 0971F+13 V'.27E+ 13 S,0lF-flh Qo P 4F- n- h6.0RF-f)A
P1 1+2 =0+3 1.36E+13 3.05F+IP 3.3AF01: 4, SAF-rA' 3 031 F-rCt

2?: 1+3 (1+,b 6*79F~1q ~7 46,K+,) I .A5F-05 3oFA-n!3 3 a4 6;Efln

23 1+4 0+5 3939E+19 1.P,5C+11 5*97F-07 n s.97-7
Pk 2+P 1+ Pe71E'+13 I1.sor+ 11 9.hFl2Ef4~ 6.61F-flS q- .'61>0A

2b 9+3 = l+h 1.*46F+lq I 3r+ I 9. 6F -0 5 So 55F- -7 9.OMF-,n5

~7 1+3+3 7.1IF+ 13 1.1r+ I*, 3.pnv-05 S.13F0(6 :1*A P r

Pf, 3+Z. = P+1 1,36F+13 39,09F + IC 6,5pm-f7 n 6.- r

4+ h =l j+Fj P, I F+ 1 1 3 4F + 3 A 5 5 F - r! 0 A.

:REAC1IN II-:PFCVi) e HCVP) = F4C'J1+t) C H2VP-1UC" V-VI 4

'( RF RR RFPR

30 0+-1 = 1+0 9.0OO+11 -3o79E+ll - 0 P..49F'9 -RAF1

31 0+2 = 1+1 9.OOF+11 I.06E+12 0 v

3? 1+1 = 2+0 0P.90E+12 5*74E:+l1 n '.IPE-39 -t.07^F-,qp
33 1+2 =2+1 P*90E+12 1060F.+1? n r n

34 2+1 =3+0 9.OCE.+12 F*53E-+11 0 5op6F-Iq -SOPV-'.4
?5 PP=310000 n

37 3+ = 4+1 0 0 L
iEAC71OIN IT-'C: JF(V1I + DFCV2) Hz-1FCVI-1) + DFCV?+1) WC1-F ki.-v'

3F 1+0 = 0+1 1916E+11 1*12F+00 P*.70E-0b 7o'37-11 ".fF- 0 S

39 1+1= 0+2 1*16E+11 7*54E+OS P.0E0 960E-
40 1+2 =0+3 1*16E+11 5*06E+OF! n n
41 P+rj 1+ 1 2*32E411 49.79E409m 7.o512F-05 1.lF-9 7 o PIF- n 5
12 2+1 1+2 232E+11 3421.F+09 6997F-09 1) 6o97F-np
43 P+2 1+3 2.3PE+l1 P 15E+n9 n n 0-

AA 3+0 = +1 3o4SE+ll 1:5oF+fln 9*32~FlS 4,5)E-nq p,39F-n5

A5 3+1 =2+2 3e4SE:+11 1.01F+fln 915E-np 0) PIFO

46 3+2 =2+3 3,48E+l1 6*7bE+09 0 0 n

A7 4+0 3+1 4*64E+11 A*.N9F+10 1*07E-06 2.*'5PF-09 I 007F -(if.
48i 4+j = 3+P 4o64F+11 Po7bF+10 9.90E-1An -fl 's9fF-1f

49 4+P 3+3 4*64E+l1 1.FsAF+1A 0 n

5n 5+0 =4+1 5.RoE.11 i-.03F~h n POPOIF1A 9OPF,1fl

C 89



TABLE :XV. (Continued)

RFACTION Il-ED: HIFC1II) -HCL(VP) =I-FVI-1) + 4L(V+)C4F-14CL V-V)

KF KR RFRR PF-RP

5'3'' 1+0 0+1 1.-16E+11 I e02E+09 1.81E-05 4.31F-11 IesiF-n5
'5-A 1+1 = +P 1.16E+11 6*ASE+08 1*67E-08 0 1.67E-nS

bS 1+2 =0+3 I1 6E+1l1 4*.2F+l 0 0 0
5~6 2+0 1+1 2.-30E+11 A.35E+09 4.P7E-0S 6.2$6E-10 h.%P7F-n5
57- 2+1 1+P P.32E+11 Po76E+n9 4.48E0RS A94F-
5R- 2+,P 1+3 P2.32E+l1 1-75E.+69 00 0
59 3+0 = 2+1 3.48E.11 1*36E+10 1*50E-05 P.63F-09 19SAF-05

-60- 3+1 = P+2 3*48E+11 8964E+09 1-3RIF-OR C 103PF-AF'
61V 3+P a 2+3 3*48E+11 5*49E+09 0 A cl
62 4+0 = 3+1 4o64E+1l1*372E+10 6M9E-07 1*47E-09 6690F-07

63- 4+1 a 3+2 4964k+11 2o36E+10 6*3(-E-1O 0 6@36F-10
644+P. = .3+3 4.64E+11 1,5OE)-10 0 A

&S5+0 a A+1 1*9+t .9+1 .9F-10 -I.Pgr-1ln

66 54; =j 4+9 5 - 0 + 1, 1 5-95E+10 00 n
67 5+2 = A+3 hokOE+11 397SE+l00 0

REACTION IV-A: HF(V) *Mz = 1FCV-1) +M (MF DEACTIVATION# V-T)

KFKR RF RR RF-RP

68 Val- M=HF(O) 9*74E+11 2*69E+OA 5.26E-06 4.2S5F-1A 5.26F-06

69 V=1 M=HF(l) 9.74E+11 P.69E+O4 1.8CE-OS 1*45E-13 1. -flE-s

70 Val PxHF(2) 9.74E+ll P.69E+O04 2.AIF-n5 1.9SE-I.1  P.d1F-05

71 Vul M=HFC3) 9*7t%..+jl 2*69E+04 4.95F-06 4.CPOE-1A 4.95F-06

72 Val M=DF(0) 1*62E+11 4.48E+03 3*92E-fl5 Ssl7P13 3-92F-05

= 3 Val M*DFCI1) 1062E~1l '4.48E+03 3.63E-OR P.Q3F-16 3.6.IF-flP

74 V1l M=DF(2) 1*62E+tl 4.48E+63 00 0

75 V1l M=DF(3) 1962E+11 M.~Ef'

7Val M=HI:LCO) 1*69C+11 4*ARF.+03 P@SAE-05 P*ASF.-13 51.5AF-n5

277 Wmi M=HCLCI) 1962E+11 A*414F+03 -P@33E-O8 1.R9F-16 .- 0

so V=11 MH 5.32E.12 1*47E+05 R*PRE-33. 1*9AFin41 2.*PF-,I~

81 Vat t'luH2(0 6*4AE+O9 1.7srF+02 1*.4AEd0 1916F-AR 1*44EF40

Be Val tmsH2c1) 6*44E+09 1*7$E+02' 0 0 (

83 V1l m=12(2) 6*44E*09 t*7I9F*09 00
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TABLE X-V. (COntinued)

Ft~ -V= M=F2 9.POE+06 P.5b:-O 1 1.50E.-16 1 *21 E*- P 41- 5 T- 1.-6

SV=I f,=CL. 7 * AF+t I.II 9AF+fl6 3#7AhE-t5 3lP"T-V 3.7AET&~5'~V= I- M=c:LJ o'.onFl+os9 54bF.0 1 7on9F-flg o 7WI-I~7f~~~

91 V='1 O= F 9o C' O 2& Af l 0 n

92" V=P M1-4F(0) 1 9 5E+19- 1 * I .+05 1 41 F-05 6 * I-tF .1 t.141- T

93 V=P 4MjH1'C2I) 1.9b+IP I1AE+05 6oP2E-05~ P & I P- 45-

9& 2 MF(0 3.5E41 191E04 .0F-fld d. 1-11.O6*-04
976 V=2 M=DFCP) I3.2bF+11 I *9I1E+0O 9.5FA -A7.1

96 lv=2 M=DF(2) 3oP5E. I1 1 .91 F+0A I f)EO A01E VI* i
99 V=2' MDF(3I 3&25E.11 1 *91 E+04 0.5Fn A*M,- N-O

10P V=2 M=HCL(0) i.6E41 .E+ 03 91*O 3.i- 1.91I 3.1-l

100 V2 M=HCLCO) I *62E+ I 9953E+03 41t3E- 05 1.37VfIS 3.1F(IS

102 V=2 M=HCL(2) I *62E~lt1 9 * 3E *03 00.-
103 V=2 M=HCL C3) 1 o6PE+1 I 9.53E'tt,3 0 0N 0

1Oa V=P MHm R.0IE+12 4974E.+05 4.6AE-33 P.l31r-4- 4 Ao 4TO33 v

105 V=2* MaH2CO) I 29E*10 7 o56E+02 3*87E-40 I &69E-A7- 34i.t~flwAo
106 V=2 MxP2( I I 29E+ 10 7*56E.02 -n 0
107 V=2 MHPACP) 1-29E+10 7*56E+02 0 00

108 V=2 M=NP .. *E.07 I.0F 1 *03F-f9 4*51E-11 I 1.F-09
109 V=2 M=F2 I1.84E+07 1.08R A4f3E-t6 1 *76t-P-3 4.f3rt 6 4
110 VZI M=HE I *S4E.O7 1.08 2*37E-OP I.*OAEIS 2937E-MR
III V=2 M=F e2928E+ 12 1 *34F+Ob 5.03E-05 P0O-12 Sonar-nS
112 V=2 M=CL 7*O4E+l I 4914E+04 59OPE-05 p.pnF.-t le sopt-os
113 V=2 M=CLF 184F+09 1 *OP+OP I *90F-n7 F*33F-t5 19f*wfl7
IIA V=2 M=ICF4 '1.8hF.09 1.0.E:+fl2 n
115 V=? M=CLP 0 0 0 0 0
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VTABLE, XV. '(Continued)

116 V3Z M=HF(0) P.*9? F+IP 3.955E+05 4935E-06 P*60Fl-1P A*35Ffl6
11 V=3 MmHF ?I)Y P-9!E+ 12- 3.b58E+05 j.ASE05 R.97F-12 1ARF4'05

1 19V='. M'-HFC3) P.92E.+1 2 3.5S+05 4&09E-06 PAP-1P A.O9F-06

lPO, Vx3 M=DF(0) - 4.7E I I 5.9!E+04 3&2hE:-05 I1.94E- II 3&P4P -05
121 V=3 MDZFCI) 4.87E~l1 5*97E.O4 3*OOE-08 1979F-14 3oOOlF-O
122 V=3 M=DFC2) 4.87E+ll S.97E+O4 C)0

13V=3 M DFC3) 4987E+1I 5*97E+O4 0 0 - (

F!4 V -'3 M -HCLCO) 0 J1-.62f+il I 199E+04 7*OOK-06 4.1IEF-12 7*OOK-06
FI?1 V3 HC'I .2i1 1.99 E±04 6943E-09 3s .4F-l15 6*43P-09O

126 V=3- M~iH CL(') 1 62-- 1 l..94

127 V=3 M#HCLC3) I.6PE.1I l.99F.+04 0 0 0

129 ir3 M142 (0) 1.93E+-10 P-31.+63 1.19E-40 7.IIF-47 1.19E.-40

130 V=_3 MFHP(i) 1*93E4IO 2.937F.+03 0 0 C)

I -ViTmmH26) li93E+10 2037E+03- .0 00

132 V=3 M=N2 2,76E+07 3.3 3*17F-11) I1.90F-I1, .. 17F- 16
133 V=3 MzPP 2416E+07 3.39 1.94E-16- 7.AIF-P3 1*24F- -I
1314 V*3 M=HK. 2*76E.+07 3.39 7930E-09 4.36E-1S 7*30Fv09
135 Vr3 MK* 4.91E41P 6.02r*05 2.23E-OS 1.33E-11 Pe?3E'-OS
136 V=3 M=CL 7*04EtI1 F*6AF+04 1*03E-05 6.15E-IP? 1.03F-05
137 cV3' M = MF' 2.76E+09 3.z396:02 5*g6K'-0' 3.50JF-1.4 5. S6F- Op
1 3FS =3 10CFA 2*76E+09 3.39F4C12 0 0 n
1119'= iM=CLP 0 00
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I -TABLE XV. cContinud)

~~~~~~ +- F-~ .. c. -

I A D T=q V1.I1IE+13 I .91E-OP 4*79F-.13 9 Ar't1-~ AR .79F-33
14At !=%Q V=3 I 03E+13 7 .A-E- 09 1.2*P-33 3. 1PF-h7 I - t3i

F~FC1~N V- £?C:)+ F = HF(V-1 + r. (SCRAMM3INt--DEACT!VATIe!N)

KF I(.,T

146 1=1 v=1 4*6AE.12 7#33E+07 9.41E-35 4*57E-sl P*411?- 35
1471= V' ~ .6E+O .1E+10 0 O'.AfF-3q -?*AhQ-3 P

14P- 1=2 V 4*6-',E~tn n.1+0 1.9AF-Af -I .4Q6-&A

RFACU0ON V-Cs HFCV) + D = DF(V-1)- P ( (RA%4L I Kr-DFArC1 IVAT I tN)

_KF RF !, rF-F
149 1=0 VC(N 4.6AF+12 F.34 F+11 P-R9E-16 A.6PF-31 -4*6FP-2A
150 1=0 V1l 9.&~ .0'9E+09 9OA6t-36 4.2flF-31. n.ROP-3-4
151 1=1 v=1 L*64E+.12 2.30F+Cz 9.P6F-S6 I*P9F-4o 9.p6ir-36
15O 1=0 V=P 4.64E+12 1.1PE+OR 1.*3^E-'b 0 13F1
153 1=1 V=2 4.64E+12 4.75F+02 1.PF-35 P*A7F-A5 1*n*F-35

S1 1=2_ 49i6dAE+12 1*35E-03 1.3?E:-35 7ohFE-Ac 1*3?F~-35
155 1=0 V=3 4.64E+12 P*17E+06 2*7eE-36 0 P7F3
156 1=1 V=3 4.64E+IP. l.37E+0tl P97PF-36 0 OFn
157 1=P V=3 4.64E+12 S*M3E05 2972E-36 39nm3-5? ?.79p-3A
159, 1=3 V=3 4*64F+12 1*66E-1Q 2*7~eF36 9*30E-SS 097PF-36
159 1=1 V=4 4*64E+1P SoA5E-01 9*40E-3F n0 DF3F
160 1=2 V=A 4*64E+12 3945F-06 9*AOE-3P 0 *0o3
161 1=3 V=A 4*64F+12 1946E-11 99ACE-38 7*60Fl-%9 9.hflF-3k
162 1=4 V=4 4.64E+12. 4,16E-17 9*Ah0E-3R 2*33F-61 Q9hflF-IP
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TABLE XV. (Concluded)

RFACTION %JI-A: F +CP =CLF CL

KE KP rF9p'EIR
163 6-40LE+13 I .09E7+I 4.86P7-O5 P.A4'E-fl -19Fn

REACIION VI-P: H +CLF HFCO) + CL

KF KR RF RR RF-PR
164 1-19E+13 6996E-39 2-13E-32 I.flRE-55 P.I3E-3P

REACTION VI-C: H +CLF = HCL(O) + F

KE KR RE PR PE-PI?

165 119E+13 3.97E-17 2.13E-3P 5.54F-33 1.5PF-12

REACTION VI-D: D +CLE F DFCO) + CL -

KF KR RE RR RF-PP
166 1.19E+13 1.25F-39 1.06E-3A Ro70FE-55 I s06E-34

I4
94i

AK



LIS
TABLE XVI. SUMMARY OF DETAILED KINETIC ANALYSIS FOR SYSTEM CiF -ND -HE-HCl

5 3

AT 0.10 CM (0.60 microsecond, the position of maximum gain on P2 lines;I
precombustor: 1500 K and 5 percent F-atom)

CCND I I I (6NS:

1 f~P.i~r~'II , I)JF( K-. 1 7 S

WI() .s3R0 DF'(0)= 15.1170 H= .0000n
H ~1 *~11540 DFCI)= o.0140 D= n.nnn0

14P(P)= 1.5490 r3F'CP,= 0.0nno CL= .1.inHFC3)= 0.3180 DFC3)= 0.0000 F i.n300
)4F(5)= 0.0000 DEC5)= 0.0000 CLF= 4'.9ponIPF(6)= 0.0000 w?(fl)= 0.n000 CLO= 0.n533q
PFCL(1= 0.00900 H(= 0.0000 CF=non
IHF(R)= 0.0000 H2(P)= 0.0000 NP= 9,61no

PCL(2)= 0.0000
HCL(3)= 0.0000

N6

I5



IF"

TABLE XVI.. (contin~ued)

I -r)1I; (t~N= f,.A5F-nA/ Los I .3OF-9'6 NF T= 6SiF - 0

k/CL:. GAIN= P.5AE-fl LOSE=S 9o7F-13 N'WT= 6.5i.-r'

HF: G AI N= 0.PbF-09 L nS I FAF~- -6 NET= P*PF-

CLF -A IN- 3*74E-C5 LOS 0.>F- 11 NF.T 3.Q-71-0'

Cf p G A IN 7.O9E-OF40 Lo:S= I I 6F-AF tFT= 7. AAF- A

PV-V(~) GAIN= 9.l$E-n5 LOSS= 90 5F-13 NEITT: P. - zF- P 5

HF: GAIN= b*72E-Oh LOSS= A.7OF-13 NET= 5.75~fln

DF: GAIN= 3.93E-05 LOSS= 7317E-13 NET= 3.0F-05'[-C~~ GA~IN= 9.19SE-04 LOS 97F05 NFT= P. 1F- (1

HF-: GAIN=: 1.P,2-OA LOSS= 9*3IF-I1 NFI 7,752A

DF C': GAIN= P.SIF.-05 LOSS= 7.!'9F-l6 NFT= q*RF-M5

H.HF: GAIN= e.5P F-33 t. S= 2 0 4F-~ 4 FT= P

H.DF: C A I N 407-3,1 Lo!Sa 1IF9E- n6 NE-1 A.7PF- fl

MISPH4.CLF:cAIN= P*13F-32 LOS- I O8F-55 mFl: .1-[TOTAL (-AIN= 1 7 5E-03 LOS!~U 9.7nF-05 t"?1T= I AF-nl

41
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TABLE XVI. (Continued)

-)-T (: ~N=29SF-03 L S 7 .I F -V I FT= . F - n 3

V--.- Tr.l,: (CA IN= 3RFI E- r%4 L. 0 S= 1.69F-OAi r.T= 2. 1 'F-r)4
('AT N= h64ES-3P I. P 9 -3:? NE~T= P. 17F-33

CL: 5 OP FS.O F) 5 LenS5'= 3.74E-n5 NFT= I OPFF-05
G'~~IN=~ -.7-r L4:Z I.F- 40 h)F~ P, O/AF-Afl

HF: CATN= I .iI r.- ohe L 0 SS 5.P5F-n5 NFT= .*~F-fl5
EDh: GAIN= I a 5F-O')4 LOSS= 3.93F-05 NET= 6. 61 F-f5
CLIF: CAIN= 1.90E-07 LOSS= 7.qrO NET= I119E-n7

V-V(T012 GAJN= 1.31E-03 LOSS= 1.49E-03 NEI= I1.vROE-0,

P. F: GAIN= 1.91 9E-03 LOSS= I V- 0.O, NFT= -0.t- OA
I)F: GAIN= 7953E-05 LOS= P .P1E-OS ! T .9F-"
H2: GA I li= I -79, -3F/ L 01',S= './9E-39 NFT= P.7jF-39
H-CL: GAIN= 49PF7E-05 LO3SS= 1.RPE-O5 NT= r)5F-

SCFR,(TOT): C~AM,~= 1-25-33 LnSS= 1-97F-35 NFT= I.p3,-

P-N4F: GAIN= 1.P5E-33 LOSS= 3-IRE-47 NE-T. 1.?,F-3:4
'-II.+DF: CAT~ 7~ ?E3 LCSS= 1 .97E-35 NET= -1.97F-lh

MIS.,H+CLF:ef4IN= N-.FT0

MAL AIN= 'A67F-03 LPcS= 1.66E-03 NF'T=3.1-

-97



74
TABLE XVI.. (Continued) / ,

}] ~ ~ ~ ~ r 8!', T N ,! 5F-03 L., S S=r o~-10 N rT=  :,..- -, '

V-i( .,): (-,,.= I .b1E--iz L, . 3.:- " .FT -F.66F-- /

9I', 1 .F- 0 L 1'F= P.6 7I.F- A 0 NF'= -. *.,F-.M

_!!L:'_- CiAT: I .ORE-.' L,;:.E- 5,OPF-fb ~T,''. -3.9oF-r!5K

SL ('t= 7 7 .9I-P'A 1'-"5= 3. .I - 05 NTT = -0*7 1'F- nF
P, G G, IA.'= z.34E-O5 LijSS= I .41F--h 04 T= - .75 - n c
I)F: (NAI,= 3.-2 '-05 L 0. :  I ,OE-O4 ,!FT= -7.'0F-05

CL F GAIN= b.6 - 0R LO)SS= 1.90F-07 FET 2..2E-07

HF: GAIN= 6.77E-04 LOSSm 9.33F-03 NFT= 1.6tiF -'3
D: GAIN= 2.32E-O5 LOSS= 7.53E-05 NFT= -5.PI Fr:
H-?: GAIN= 5.26E-39 LOSS=  I .7113V' 'FT= "1•19F-.r
iCL: CAN= 1.5E:-Ob LOSS" 4.*7F-05 N'F = -317fOL-,

SCR,(T T): GAIN= 6.14E-35 LOSS= 6.K3E-32 NET= "-A.7'/t-31

H+HF: GAIN= 6.l4F-35 LOSS= 6.79E-33 NFTx "6.73F-33
H+DF: SAIN= R.4E- hb LOSS" 3.97E-35 NET= -3.*7F-.5

MIS.,H+CLF:GAINL 0 LOSS= 0 NET= n I
TOTAL GAIN= 5.39E-03 LOSS= 2.83E-03 NE.T= P55E-03

.1 4
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TABLE XVI.. (Continued)

SPECIFS: PF(3)

p U.ip I 11c: GAIN= f.65E-04 LOSS 6-15F-05 NFT= A.03F-04

'J-T(707): GAIN= 4.$S7F-06 LOSS 1.15E-n4 NET= -1.11F-04

Ht GAIN= 1.06F-34 LOSS= I.25E-33 NET= -1.15E-33

L: GAIN= 3.56F-07 LOSS= l.03E-05 NFT= -9.94F-n6
P: GAIN= 5-49E-42 LOSS= 1*19F-4) NFT= -1*14An'

HCL: GAIN= 2.42E-07 LOSS= 7-OOE-06 NF7I: -6*76E-06

HF: GAIN= P..OOE-06 LOSS= 4-314E-0)5 [vET= -. 14F-05

1)F- CAIIN= 1.50E-06 LOSSz 3,P5EO5 NET= -3.1('F-fl5

CLF: GAIN= 2.70E-09 LOSS= 50s.6E-op NET= -'5.qE-OFM

V-V(Ir3T): GAIN= 1@25E-03 LOSS= 3.13E-04 NET= 9.'37E-O4

qF:. GAIN= 1.24E-03 LOSS= 2*74F.-04 NFT= 9.66F-04
F: GAIN= 1.07E-06 LOSS= P*SPE-OS NET= -2PIF-05 i

C:AIN= 109FE-hO LO)SS= b.6E-39 NFT= ~AF3

HCL t GAIN= 6.95F-07 L:)SS= 1iSOF-f0 NFl:-1A2flISCII(TOT): G;AIN= s .IF A7 LO~SS P.90F-33 NFT: P9F-=I

H+HFJ GAIN= 3*1E4E-47 LOSS= P*89E-33 NET= -P'.P9E-33

H+DF: GAIN= 3,04E-59 LOSSx 1.09E-35 NFT= -l.09F-35

MlSH+CLF:GAIN= C LOSS= 0 NET=

TO~TAL GAIN= 1.91E-03 LOSS 4.99F-0A NET= I,.'W-n
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V ~TABLE XVI.'s. (Concluded)

R I*T(~ t%-N I 50PE.- A0 L 3*.IF-35 NT .

V TC T 7): (tiN 1 '53r.- I I L R ~.7~- F -06

(,A: fI!. 7. 67F-it Vd ! I n6~Ft-34 'F NI -1 oAPf-fI
GA. I!N- P. 5f!- t P LOSS~= 3.ahE-07 6'~T E~~1-r,7

PC L $/~F M1 0. 7= %;FT=-" PV~j s - .117

F=.~ I 6F'9- I1 L' 7 n F .'r- 0 IT= r -; *rr

VC Fci N C~ I 1.65E~-0/1 LC', S= ~ .4kr-Wl. ~i~ .r-

I SF "4T .6 5E-0O' Ln3SS- 6 E7 F - n6 %JTz I.5T.- -
DF: L I r I an7F 40M NETt -I on7-n6

-An~ NET=T - I:~ *. e(4*-VC AnI~7=I ~~~

CI OIaI*9

1C. AN=14E 00 .nf;S 0*P-7 NT=-eF



I ~TABLE XVII. SUMMARY OF DETAILED KINETIC ANALYSIS, CASE I:, F WD MHE-K1. AT 0.20 CM'
(0.78 microsecond, the posi'tion of maximum gain on P2 lines;*preciubusto': 1500 K and 10 percent F-atoms)

14 iu i0 OFO )= 943 50 4 3 44~00
oi() 0.,36?.,o 'DFC1) 0.0190 0.2350

tF)= 1.7110 I)F2)= U'.0020 CL= 0000
IHFC 3) = 0.8ajP-7 0 DF 3)= 0.0010 F= 4000O

AF( 4)= 0.-0430 DF'C')= 0r.0000 '2= O000
FC 5)= 0. 00 10 0F(5) 00 .OU CLF= 0.0000
F(6)= 0wou ~ ,42(0)= 19 269u (;L2= 0.~00;-Vci) 0onooo s2Cf= 0.1110 CF4= 0.0000

HaC') .0ujo 142(2)= 0 -0020 N2= 0&.000A G1.0)= Qi00 2c)= 090000 *-A L !59.5000u
;4:;L( I)=0J:)

.CL C 3)= .--. 0

*See Fig. 46 and 62.

11014



TABLE XVII. (Continued)

ffUII',G: GAIN= 1.07E-II LOSS= I .20E-74 NET 1.07E-II

V-T( T) U AIN= 3.36E-04 LOSS= 3.24E-12 NET= 3.36E-04
:tI

GALIN= 2.23E-04 LO'SS= 2.IE-12 NET= 2.23E-O'4

GL: GAI= 0 L 0 S.S 0 NET= 0

GA N= I .50E-O 6 LOSS =  I 45E- 14 NET= i 50E-06

GL' . i 0 LOSS= 0 NET= 0

rF: GAIN= 4.F9E-05 LGSS= A.79-E-13 NET= 4 .9E-05

:)Fi': GAI = 1.97E-05 LOGS= I .90E-13 NET= 1.97E"05

. uLF: F .GAtI-N= 0LSS= 0 NET= 0

V-J(fi'T): GAIN= 7".61E-O LSS= 1 59E-04 NET= 3 *02E-04

HF: GAIN= 6.5'E-04 LOSS= I • 5E-04 NET= 4.96E-04

LF: GAIN= 1•3BE-05 LOSS= I *.4E- 10 NET= i .38E-05

2 le GAIN= 9.-26E-05 LOSS= I *04E-06 NET= 9.16E-05

HCL: GAIN= 0 LOSS= 0 NET= 0

,' 5, 'fO " GALIN= Z o94E-03 LOSS= 7.15E-06 r.T= 1.9CE-03

1N+HF: GAIN= I o 57L-03 LOiSS= I *89E- 19 NET= I.57E-03

H+DF: GAIN= 3.73E-04 LOSS= 7 1 5E-06 NET= 3.65E-04

•,Pti,+CLF: GAIN= 0 LOSS= 0 NET= 0

T,,TAL GAIN= 3.04E-03 LOSS= 1,66E-04 NET= 2.87E-03

1 0 -

1 10



1

TABLE- XVI I. (Continued)

PUMPING: GAIN= 2.38E-03 LOSS= 1.23E-18 NET= 2.38E-03

V-T(TOT): GAIN= 1-16E-03 LOSS= 3.36E-04 NET= 8,26E-04

H: GAIN= 6*67E-04 LOSS= 2.23E-04 NET= 4o45-E-O4 
CL: GAIN-- 0 L0SS= 0 NET= 0
H2t *GAIN- 5.93E-06 LOSS= 1.50E-06 NET= 4*43E-06
HCLI GAIN= 0 LOSS= 0 NET= 0
HF.•  GAIN= 1.93E-04 LOSS= 4.69E-05 NET= -i.44E-04
Ot GAIN= .77E-05 LOSS= l.97E-05 NET= 5.30E-05
CLF: GAIN= 0 LOSS= 0 NET= 0

V-VCTOT); GAIN= 2,05E-03 LOSS= 1.19E-03 NEi'= B 60b:-04

HF: GAIN 1.72E-03 L0S= 1.U8E-03 NET= 6.40E-04
Dbi GAIN. 5-45E-05 LOSS= 1i38E-05 NET= 4,.07E-05
142i GAIN= 2.72E-04 LdSt= 9 .89E-05 NET= -.73E-04
HCL GAINs 0 LOSS= 0 NET= 0

SCR*CTOT)l" GAIN= 4*30E-04 LOSS= 2.70E-05 NET= 4.03E-044C) H+HFI GAIN= A.30E-04 LOS3= 1 1.43E-1. NET= 4*30E-04
H4DFS GAIN= 4-61E-07 LOSS= 2.70E-05 NET= -2*65E-05

MISpH+CLFsGAIN= 0 LOSS= 0 NEI= 0

TOTAL GAIN= 6.02E-03 'LOSS= 1.55E-03 NET= 4*47E-03

0N
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-- o - -

TABUE xvII. (ontinued)

. )SPE~CIES;: H*'C2)

PUMING: GAIN= 9,06E-03 LOSS= 2.07E-10 NET= 8,06E-03

V-T(T'T): GAIN= 8,54E-04 LOSS= 1-16-,03 NET= -3,08E-04

GAIN= 4,22E-04 LSS= 6,67E-04 NET= -2.45E-04
(;L: GAIN= 0 LOSS= 0 NET= 0
42: -GAIN= 4,30E-06 LOSS= 5,93E-06 NET= -1,63E-06
HL: GAIN= 0 LOSS= 0 NET= 04 F: GAIN- 1,40E-04 L0 S= 1*93E-04 NET= -5,30E-05
OF: GAINz 5,63E-05 LOSS=, 7-77E-05 NET= -214E-05
CLF: GAIN= 0 L05= 0 NET= 0

V-;VcTJ0): GAIN= I -06E-03 LOSS= 3°37E-03 NET= -2,29E-03

;-IF GAIN= 9.43E-04 LOSS= 3.*01E-03- NET= -2,16E-03
- LW: GAIN2 3o95E-05 LOSS= 5645E-05 NET= - ., 50E-05

Ri 42: GAIN= I#93E-04 LSs= 3,09E-04. NET= -1,16E-04
HCL: GAI N= 0 LO$S= 0 NET' 0

SC , c Tw) :GAIN= 3. 1SE-05 LOSS= 1006E-03 NET= -I *02E-03

H +R F: "AIN= 3°15E-05 LOSS= 9,76E-04 NET= -9 o44E-04
4+IDF: GAIN= 8-4!E-12 L@SS= 7.97E-05 NET= -7.97E-Oh)

SI S, H+CLF,.GAI N 0 LOSS= 0 NET= 0

YOT .L GAI N= 1.OOE-02 LOSS= 5.59E-03 NET= 4.44E-03

1040
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RM 1
TABLE XVII. (Continued)

b; dF; £: lC 3)

4 :;(U.¢= 33Oc3-03 LOSS= 5*96E-04 NET= 3o43E-03

; -TCT'.T): GAI 4= .3902E-05 LOSS= 8.54E-04 NET= -7.74E-04

j GAIN= 5.43E-Gz, LOSS= 4,22E-04 NET= -3*68E-04

.;L: 'AI N= 0 LOiSS= 0 NET= 0

3A ".l'= !.9?7-O7 LOSS= 4930E-06 NET= -4OOE-06
:'L: GAI N= 0 LOSS= 0 MET =  0

HIF: AI'WJ= 9,6SE-06 LOSS= 1940E-04 NET= -I 30E-04

DF- GAIN= 3.93E-06 LOSS= 5,63E-05 NET= -5,24E-0I
Ct.L: GAIN= 0 L9SS= 0 NET= 0

1V-( 0' f): GAIN= 1. iiE-U3 LaSS= I.30E-03 NE r- ii-04

GAIN= 146E-03 LOSS= 1.03E-03 NET= 4.30E-04
GAIN= 2. 75E-06 LO5= 3o9SE-05 NET= -3-67E-05
GA. GIIN= 4,36E-'05 LOSS= 2,2-E-0A NET= -1 -04

44%L: :;.I= 0 LOSS= 0 NIET= 0

-.0:.,( T ..r: GAIN= 7,47E-1A LOSS= 1903E-03 NET= -103E-03

F+. : 'AI N= 143E-1I LOSS= 9o76E-04 NeT= -9*76E-04
i+i)i: GA1I= 7.47E-14 L.SS= 5.14E-05 NF-T= -5*14E-05

., :+ C F: AIN= 0 LO'iSS= 0 NET= 0

i .:fAL GAIN= 56 62E-03 LOSS= 3*78E-03 NET= I *84E-03

lI

Io
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TABLE XVII. (Concluded)

"PEClES.0 HF(4)

r NG.'.rIN3: GAIN= 5.07E- 10 LOSS= 1#56E-05 NET= -1.56E-05

v-'r TU*): GAIN= 2.70E-I0 LSS= 8*02E-05 NET= -8.02E-05

H: GAIN= 183E-I0 LOSS= 5,43E-05 NET= -5.43E-05
CL: GAIN= 0 LOSS= 0 NET= 0
H *2: GAI N= I. 00E- 12 LOSS= 2,98E"07 NETA -2,98E-07
q(;L. GAIN= 0 LOSS= 0 NET= 0
HF: GAIN= 3 26E-1 LOSS= 9.6SE-06 NET= -9.68E-06

sF: GAIN I .31 E- I i LOSS= 3*90E-06 NET: -3.90E-06
CLF: GAIN= 0 LOSS= 0 NET= 0

V-V(TOT) : GAIN= 6.53E-04 LOSS= 4.61E-05 NET= 6#07E-04

HF: GAIN= 6.12E-04 LOSS= 3,30E-05 NET: 5#79E-04
alF: iAZN= 89RE-os L SS= 2.74E-06 NET= -2.65E-06

i2: GAIN= 4.11E-05 LOSS= 1904E-05 NET= 3.07E-05
HCL: GAI N: 0 LOSS= 0 NET= 0

SCR,(TOT): GAINw I*84E-17 LOSS= 8-34E-05 NET= -8 34E-05

+HF: GAINa I .84E- 17 LJSS= 8.07E-05 NET= -1.oE-05
H+DF: GAINa 1.31E-20 LOSS= 2,67E-06 NET= -2.67E-06

MI SH+CLF: GAIN= 0 LOSS= C NET= 0

TOTAL GAINz 6, 53E-04 LOSS= 2.25E-04 NET= 4.28E-04
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TABLE XVIII, SLU4ARY OF DETAILED KINETIC ANALYSIS, CASE II: F2-D2-HE-HCl AT 0.10 CM

(0.60 microsecond, the position of maximum gain on P1 lines;*
precombustor: 1S00 K and 10 percent F-atoms)

E, D\TI EG ASE < 424.92

F C W ().,3920 DFCO)= 9.6750 H= 00000
• F(1)= 2.397C DFC1)= 0.0170 D= 0.0000
H-(2) 2.9540 UFC2)= 0.0000 GL= 7.1200
NF3)= 0. 81 O UFC3)= 0.0000 F= 0# 5750 t
: F(. ) 0.0610 DFC4)= 0.0000 F2= OOQOi
'. (5): 0.0010 DF(5)= 0-0000 CLF= 0.0000
iF( 6) = uo0000 H2(O)= 0.0000 GL2= 0.0000

4F(8)= 0.0000 H2(2)= 0.0000 N2= 0.0000
HCL(Q) 15#9800 UI2(.0)= 0.0000 HE= 59. 500i
HWL(1)= 0.0030 HD= 0.0000
,IGL(2)= 0.0000

4.iL(3)- 0.0000

*See Fij 47 and 63
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TABLE XVIII. (Continued)

PUMPI NG: GAIN= 4,95E-04 LOSS= 6.66E-21 NET= 4,95E-04

V-TCTOT): GAIN= 3.8 1E-04 LOSS= 2&07E-10 NET= 3,81E'04

4: GAIN= 3.89E-27 LOSS= 2.*1E-33 NEf= 3.89E-27
CL: GAIN= 182E-04 LOSS= 9*90E-11 NET= I*82E-04
H2: GAIN= 6o60E-34 LOSS= 3*58E-40 NET= 6#60E-34
.CL: GAIN= 4*19E-05 LGSS= 2*28E-11 L:ET= 4.19E-O5

GAIN= 112E-04 LOSS= 6907E-14 NEI= 112E-04
OF: GAIN= 2*54E-05 LOSS= 1-38E-11 NET= 2,54E-05
CLF: GAIN= .1.35E-30 LOSS= 7,34E-37 NET= 1.35E-30

V-VCf-')1): GAIN= 2.56E-03 LbSS= 4-05E-04 NET= 2.lSE-03

HF: GAIN= 2*50E-03 LOSS= 4,05E-O. NET= 2,09E-03_F- GAIN= 2,22E-05 LOSS= 4o05E-1O NET= 2.22E-05
2: GAIN= 2*82E-32 LOSS= 0' NET= 2-82E-32

HUL: GAIN= 3.67E-05 LOSS= 6.20E-10 NE'I= 367E-05

SCR, (TOT): GAINo 1.77E-26 LOSS= .70E-30 NET= 1.77E-26 (-)

H+HF: GAIN= t.43'E-26 LOSS= 1.21E-38 NET= 1.43E-26
R+DF GAIN= 3-37E-27 LOSS= l*70E-30 NET= 3o37E-27

,iIS,4+CLFt GAIN= 1.43E-49 LOSS= 3.07E-43 NET= -3.07E-43

"r.3TAL GAIN= 3.43E-03 LOSS= 4#05E-04 NET= 3,03E-03

108



( ~ TABLE XVIII. (Continui.4)

.. 9 , .IE-03 LGSS= 5.49Z- 14 NET= 2.22E-03

.-f(TOT): I -.lx= 6.6E'£-U4 LOSS= 3.8 1E-04 NET= 2.83E-04 .

0#t 7* 1?E-27 L(JSS= 3.139E-7 NET= 3,29E-27

6L: (AIN= L.25E-04 LOSS= I .82E-04 NET= 4.24E-05

IZ: GAIN= 1.63E-33 L3SS= 6.60E-34 NET= 9.67E-34

RCL: GAIN= S. 17E-O LrJSS= 4.19E-05 NET= 9 *75E-06

-fF: GAIN= 2.76E-04 L0SS= 1.1PE-04 NEr= 1.64E-04

ttil d N= 626E-05 LOSS= 2#54E-05 NET= .72E-05

( GLi": (tIIN = 3,34E-30 LOSS= I *35E-30 NET= 1998E-30

Uri,(T'.;i): GhI c= 547E-03 LOSS= 4931E-03 NET -8 .40F-04.

CAF: G.IN= 3.32E-03 LO5S S NET -9o30E-04

GAIV':= 5o .te-O: LOSS= 2.22E-05 NET= 3.26E-O5

12: GAiNj= 6,26E-32 LESS= 2982E-32 NET= 3.44E-32

.-CL: GAIN= 9.061E-05 LOSS= 3.67E-05 NET= 5.39:,-:5

KJ Ci,,I2 GAIN= 2.76E-27 LOSS= 9o18E-30 NE= 2,75E-27

i+rw: GAIN= 2#76E-27 LOSS= 9 ° 5E-38 NET= 2*76E'27

q+!Lir GAIN= I o69E-31 LO55= 93 ISE-30 NET= -9 O1E-30

rI[ A+CLFGAI= 0 LOSS= 0 NET= 0

i1 AL AI N 6.341E-03 LOSS= 4 o69 E-03 NET= 1 65E-03
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TABLE XVIII. (Continted)

iG.,_S Mi,'C 2)

U:hItiG: GAIN= 3.39E-03 LOSS= 3.96E-08 NET= 3.39E-03

i- T(T-,)T): GAIN= 2.40E-04 LOSS= 6o64E-04 NET= -4.24E-04

4: GAI N= 2.67E-27 LOSS= 7.18E-27 NET= -4.50E-27

CL: GAIN= 6.18E-05 L0SS= 2#25E-04 NET= -1.63E04

$2: GAIN= 6.71E-34 LOSS= 1°63E-33 NET= -9.56E-34

HCL: GAIN= 1.42E-05 L05= 5.17E-05 NET= -3.t5E-05

HF: GAIN= 1'14E-04 L0SS= 2976E-04 -NET= -"*62E-'04

DF': GAIN= 2.58E-05 LOSS= 6°26E-05 NET= -3,'68E-05

CLF:. GAIN= 1.38E-30 -L0SS= 3.34E-30 NET= -1.96E-30

V-V(TOT): GAIN= 2.30E-03 LOSS= 622E-03 NET= -3.92E-03

HF: GAIN= 2.24E-03 LOSS= 6.07E-03 NET= -3,83E-03

Dir: GAIN= 2*26E-05 LOSS= 5.48E-05 NET= -3.2E-05
-2: GAIN= 3o02E-32 LOSS= 6.26E-32 NET= -3,24E-32

HCL: GAIN= 3#73E-05 LOSS= 9,06E-05 NET= -5o33E-05

SC'CRCTgT): GAIN= 2.53E-283 LOSSx 1.05E-26 NET= -1.03E-26

-+HF: GAIN= 2.53E-28 LOSS= 1 05E-26 NET= -1.02E-26

4H+DF: GAIN= 4,42E-37 L0SS= 169E-29 NET= -169E-29

.I Sp H+CL: GAIN= 0 LOSS= 0 NEI= 0

T iAL GAIN= 5,93E-03 L0SS= 6,89E03 NET= -9*54E-04

I

II0*
-40
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0 TABLE XVIIII (Concludo4)j

Sa'ECIESt HF(3)

PUMrPINGs GAIN. 4*95E-04 LSS*a 3*45E-O4 NET= 19S0E-04

V-T(TOT): GAIN= 2*15E-O5 LOSS* 2*40E-Oa NE:1. -2910 E-O4

Hs GAIN= 4.37E-28 LOSS* 2967E-27 NET-t -2*24E-27
CL: GAIN= 4*64E.06 LOSSa 6-IBE-05 NET= -5.72E*O5
H22 GAIN= 6s72E-35 LOSS* 6*71E-34 NET= t6*O4E-34
HCL: GAIN= 1907E-06 LOSS= 1.42E-O5 NXT2 -1*31E-0S
HF: GAIN= 1*14E-05 LOSSa 1*14E-O4 NET= -1-02E-04
OF: GAIN= 2#59E-06 LOSSm 2.58E-05' NET- -2*32E-O5
CLFt GAIN= 1.38E-31 LOSS*. 1*38E-30 NET* w).24E-3O

V-V(TOT)l GAIN= 3*19E-03 LOSS* 1*14E-03 NET. 2-O5E-03

HF: GAIN= 3&19E-03 LOSSa 1*08E-03 NETw 2*IIE-03
DF:* GAIN. 292SE-06 LSS%. 2.26E..05 NETz- 2*03E-O5
H2: GAIN= 2*90E-33, LOSSa 3*02C-32 NET* 42.73E-.32IHCL: GAIN= 3*76E-O6 LOSS* 3.74E-05 NET. -3-36E-05

SCR#CTOT)t GAIN= 9*25E-38 LSS*. 6919E-27 NET. -6.19E-27

H+HFt GAIN= 9925E-38 LOSSa 6*18E-27 NET. -6-18E-27
14+DF: GAIN- 2#04E-42 LOSS. 6-19E-30 NET= -6ol9E-30

TOTALG AIN=:: 3971E-03 LOSS* 1.73E-03 NET& 199SE-03 i



TABLE XIX* SUWAY OF DETAILED KINETIC ANALYSIS,, CASE V: CIF 5.ND34-H 2 AT 0.l1CX

(0.83 microsecond, the position of maximuo gain on P1 lines*;
precombustor: 1500 K and 10 percent F-atoms)

Tr.~~ ~4a ~E G K: 398
ATM: .01

Nj'jSZE 7~~h.6

MI4LET P-i!CEN7TSA

0iC) 0.7310 DKC 0) 16.5020 H= 3.0400
'4F( D= I1.1220 DF( I)= 0.0360 D= 0.3720
a4F(2)= 2.*6920 DF(2)= 0.0050 CLu 0.4320
HF(3)= 0.9990 DF(3)z 0.-0020 F= 3.8000
4IC(4)= 0.0590 DPC 4) x 0.0000 F2= 000000

RE-F(: )= 0.001o DP)F: 0.0000 CLFu 5.3600
A4F(6)~ 0.000o H2C0)m 18.9190 CL2= 0.0088
HFiC7)= 0.0000 42(1). 0.2010 CF4a 0.0000
4F'(g3= 0.0000 H2(2)a 0.0020 N2= 207700
HULCO)a 0#2940 D2(0),= 0.0000 HE - 43.4000
RCLCI)= 0.0000 HO. 000000
-iCL(2)z 0.0000
'4CL(3)= 0*0000

IV- Me Fig. Trand 66
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TABLE XIX. (Continued)

Ii

S'CI S: HF(O) 

f &1? 1 t\;G: GAIN= 6.3aE-05 LOS= 2.R5E-23 NET= 6.38E-05

V-T(TW'D): GAIN= 3.56E-04 LOSS= I.40E-1O NET= 3.56E-04

1: GAIN= 2.20E-04 LOSS= 9. 64E- I I NET= 2.20E-04
CL: GAIN= 5.70E-06 LOSS= 2.23E-12 NET= 5.70E-06
;2: uAIN= 1.9 1E-06 LO.SS= 7.50E- 13 NET= 1 .9 E-06
'40L: GAIN= 4.31E-07 LOSS =  1.69E-13 NET= 4.31E-07
14F. GAIN= 4°40E-05 LOSS= 1.72E- I I NET= 4,40E-05
Op GAIN= 2o42E-05 LOSS= 9#50E-12 NET= 2o42E-05
CLF: GAIN= 1.13E-07 LOSS= 4.44E-14 NFT= 1.13E-07

V-V(CTOD"): GAIN= 8,74E-04 LOSS= 2.62E-04 NET= 6912E-04
4F: .GAI.N= 7-64E04 LOSS= 2.61E-04 NET 5-03E-04

OF: GAIN= 2,02E-05 LOSS= 7*12.-1O NET= 2,02E-05
-(a: GAIN= 7,02E-05 LOSS= 1.25E-06 NET= 8,89E-05
HCL; GAIN= 3,59E-07 LOSS= 0 NET= 3,59E-07

.C i , ( f): GAIN= 2.IIE-03 LOSS= 1.36E-05 NET= 2.1OE-03

;4+HF: GAIN= 1.46E-03 LOSS= 2.13E-16 NET= 1946E-03
H+OF: GAIN= 6.53E-04 LOSS= 1.36E-05 NET= 6939E-04

.4S 4+CLF:GAIN= 3.22E-03 LOSS= 3.77E-47 NET= 3.22E-03

TOTAL GAIN= 6.63E-03 LOSS= 2976E-04 NEr= 6,35E-03
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- TABLE XiX. (COntinU4d)

U I N! G: GAIN= 2#63E-03 LOSS= 1.031'15 NET= 2.632-03 I
V-1,( 1 0: GAIN= I ol3E~-03 LOSS= 3,56E-04 NET= 7*71E-04

(2M~ 6l7~ U4 LOSS= 2.202-04 NE h 3.97E-04

G;AIN= le06E-05 LOSS= 5.702-06 NF.Tz 4993E-.)6
42:0 GAIN"- 7913E~-06 LOSS= 1.912-06 NET= 5.22E206
I4CL: GA [ \,= s.503E-07 LOSS= 4.31E-07 NETa 3.722-07

HF6 GI1N= 1.64E-014 LOSS= 4.402-05 NET= 1*20E-04
L: %'AIN= 9.03E-05 LOSS= 2.42E-05 NET= 6.61E-05V
CLF: GAIN= 4*22E-07 LOSS= 1.132-07 NET= 3.09E-07

V- '.-VCTDJfD: GA IN= 2.39E-03 LOSS= 1.41E-03 NET= 9*80E-04

"iF GAINJ= 2o02Z-03 LOSS= 1.292-03 NET= 7*30E-04
DF: GAIN= 7953E-05 LOSS= 2.02E-05 NET= 5.51E-05

H : GA11N 2*92E-04 LOSS= 9.642-05 NETs 1*96E-04
-'~C: GAIN= 1934E-06 LOSS= 3.59E-07 NET= 9.81E-07

SCiR,(T(OD: GAL N-n 4.052-04 LOSS= 4917E-05 NET= 3.632-04

4 +q.* GAIN= 4.04E-04 LOSS= 9.97F.-16 NET= 4.04E-04
I H+DF: GAIN= 7999E-07 LOSS= 4917E-05 NET= -4.092-05

vm ~ISoH+CLF: GAIN= 0 LOSS= 0 NETz 0

T13TAL GAIN= 6.55E-03 LOSS= 1.812-03 NET= 4.742-03
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TABLE XIX. (Continued)

P UM P IG: GAIV4= 8.37E-03 LOSS= 4*80E-09 NET= 8,37E-03

V- FC I '): GAI N= 3 2E~-04 LOSS= I *113E-03 NET= -3*25E-O4

A; GAI N= 3e96E-O4 LOSS= 6.17E-04 NET= -2.21E-04
GLS GAINI= 5.oVE-06 LOSS= 1*06E-05 NET= -5-55E-06
H12* GAIN= 5#lIE-06 LOSS= 7#13E-06 NET= -2*02E-06HCL: GAIN= 3-83E-07 LOSS= 8*O3E-O7 NET= -4.19E-07
R: GAIN= 1*17E-04 LOS$S= 1.64E-04 NET= -4*65E-05OFI G~AIN~= 6.I47E-05 LOSS= 9&03E-05 NET= -2.56E-05CLF: GCA tN = '3902E-07 LOSS= 4.22E-07 NET= -1*20E-07

V-'J(T'JT): GAIN= 1*31E-O3 LOSS= 3*74E-03 NET= -2*43E-03

HF: GAIN= 1902E~-03 LOSS= 3*34E-03 NET= -2*32E-03OF: GAIN= 5,39E-05 LO3SS= 7#53E-05 NET= -2*14E-OS
H42: GAIN= 2#36E-04 LOSS= 3*26E-04 NET= -9,0OE-05kHCL: GAIN= 9,59E-07 LOSS= 1.34E-06 NET= -3*'82E-0?

SC~ C TOT): GAIN= 3,03E-05 LOSS= I *Ot:-O3 NET= -9*88E-04 (
iI+H-F: Gp!TJ= 3*03E-05 LOSS= 9.02E-.04 NET= -8*72E-04
H+DF: GAIN'= 1.28E-10 LOSS= 1.16E-04 NET= -1*16E-04ITO3TAL GAIN= 1,05E-02 LOSS= 5*89E-03 VE=46E0
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I
K) TABLE XIX. (Continued)

SPECIES: HlrC3)

PUMPINJGt GAIN= 4*03E-03 LOSS= 4.90E-04 NET= 3.54E-03

V-TCTOT): GAI M= 7o99E-05 LOSS= 8*02E-04 NET= -7-22E-04

H: GAINJ= 5*22E-05 LOSS= 3.96Eg04 NET= -3.44E04
CL: GAIN= 3.OOE-07 LOSS= 5,07E-06 NET= -4o77E-06 .I

G2: .AIN= 4.02E-07 LOSS= 5°11E-06 NETx -4-71E-06
NCL: GAIN= 2o26-O06 LOSS= 3-83E"07 NET= -3*61E-07
HF: GAIN= 9°2bE-06 LOSS= 1,17E-04 NET= -1.08E-O4
DF=. GAIN= 5. 1OE-06 LOSS= 6*47E-05 NET= -5.96E-05CLiV: GAIN= 293SE-08 LCQSS= 3-02E-07 NET= -2,79E-07

V-V(T.J): GAIN= 1966E-03 L0SS= 1#46E-03 NET= 2°OOE-04

HF: GAIN= I*60E-03 LOSS= l.14E-03 NET= 4,60E-0,
Ull: GAIN= 4,27E-06 LOSS= 5*40E-05 NEI= -4,97E-05
4p-: GAIN= 5°22E-05 LOSS= 2 .67E-04 iET= -21SE-04
HCL: GAIN= 7o55E-08 LOSS= 9*58E-07 NET= -882E-07

-CR, C TOT)6: GAI N= 1.99 E-12 LOSS= 9991E-04 NET= -9.91E-04

H+HF9: GAIN= 9.97E-16 L0SS= 9,17E-04' NETa -9.17E-04
4+DF: GAIN= 1,99E-IP L05= 7#41E-05 NEI= -7,41E..O5

i1 SjH+CLF: GAIN= 0 _ LOSS= 0 NET= 0

107AL GAIN= 5#77E-03 L0SS= 3*74E-03 NET= 2.03E-.03
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TABLE XIX. (Concluded)

SPECIES: HFC-4)

UMP ,*-.;'JG GAIN= 7#86E-09 L05S= 1#44E-05 NET= -1&44E-05

V-T(TOT) GAIN= 5,01E-09 LOSS= 7.99E-05 NET= -7.99E-05

H: GAIN= 3,28E-09 LOSS= 5#22E-05 NET= -5,22E-05
CL: GAIN= 1988E-11 LOSS= 3,00E-07 NET= -30OOE-07
H20' GAIN= 2.52E-1-1 LOSS-- 4-02E-07 NET: -4*02E-07
1MCLI GAIN= 1*42E-12 LOSS= 2i26E-08 NET= -2*26E-'08HF: GAIN. 5.80E-10 LOSS= 9°25E°06 NET= "9-025E-06
-DF: GAIN= 3*20E-10 L0SS= 5.1'0E-06 NET= -5*oj(-06
CLV:. GAIN= .'1 49E-1W LOSS= 238E-O8 NET= -2-38E-08

V-VCTOT)t GAIN: 6.90E-04 LOSS= 6.48E-05 NET= 6,25E-04

HF: GAIN= 6952E-04 L0SS= 4*37E-05 NET. 6.08E-04
1F: GAIN= 1#14E-07 LOSS= 4°25E-06 NET. -4,4E=06
. p- GAIN= 3*77E-05. LOSS= l.67E-05 NET- 2#1OE-05
HCLt GAIN= to60E-09 LOSS= 7,55E-08 NET= m7*39f-08

SC R(TT): GAIN= 8,19E-15 LOSS= 8.20E-05 NET= -8*20E-05 (
H+HF: GAIN= 8*19E-15 LOSS= 7-76E-05 NET= -776E-05
H+DF:9 GAIN= 7*37E"18 LOSS= 4-37E-06 NETs -4.37E-06

MI SH+CLF: GAIN= 0" LOSS= 0' NET=

TOTAL GAIN= 6°90E-04 L0SS= 2*41E-04 NET= 4949E-04
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TABLE XX. SUM4ARY OF DETAILED KINETIC ANALYSIS, CASE VI: 
CIF5 ND3-HE-HCl AT 0.05 CM

(0.36 micTosecond, the position of maximum gain on Pl 
lines*i

Precombustor: 1500 K and 10 percent F-atoms)

C'', N ITIONS:

T.,'4PF ATU:,E, DEG K: 385°2

PESSURE, ArM: .01
PRES3UMi., TlAR: 7.6

MOLE PERCENTS:

HF(O)= 0.6200 DF(O)= 16.9060 H= 0°0000

HNFI)= 2.1130 DF(I)= 0.0150 D= 060000

HF(2)= 2.8490 DF(2)= 0.0000 (;L= 6.0700

.F(3)= 0.5960 DF(3)= 0.0000 F'= 1,6200

HF(4)= 0.0220 DF(4)= 0.0000 F2= 0.0000

HFC5)= 0.0000 DF(5)= 0.0000 CLF= 6.0300

4F(6)= 0.0000 H2CO)= 0.0000 CL2= 0.1400

HF(7)= 0.0000 H2(1)= 0.0000 CF4= 0.0000

HF(8)= 0.0000 H2(2)= 0.0000 N2= 2.7700

HCL(O)=6.9300 D2(O)= 0.0000 HE= 43.4000

HCLCI)= 0.0150 HD= 0,0000

NL(2)= 0.0000
HCL(3)= 0.0000

*See Fig. 51 and 67.
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TABLE XX (Continued)

61 ''i'= I .61E-'s3 L 'SS= 7.79!.-23 N.I= 1 .61E-03

. Ci * ): 3--.I)= 3-96E-04 LOSS= 4,34E-1 I Nt l1 3o96E-04

'i*lV= :6.3JE-29 LOSS= 3.9 hE-36 NET= 3 - 60E-29
: 'hi 1= 34;-u4 LOSS= I • 47E- I I NET= 1.34E-04... -I'=I 5n- 36 LOJSS= 1-73E-43 N E1= I1.5RE-36

,ji&: i.g= 5.12E-05 LUSb= 5.62E- 12 NET= 5.12E-05,I : I-I 4 1 2 ! -04 L GSS=- I 23E- I I NET-- I 12E-04
1;, 'AI I= I 1E-cr LOcS S 561 E-12 NET= 5. 11EL-05

(-A.1= .25E-07 LOSS= 2o46E-!4 NEI= 2.2SE-07

,,(,ii) : ,;e= P..36£-03 L3SS= 2.89E-04 :*E7= 2.09E-03

' GA'!= 2.30E-03 LO6= 2*qg97-04 NET= 2.01.-03
,: GAIN= 4.15£-0b LiS= 2.1OE-lO NET= 4. 1 .jEi-O

'G:: G3%I = 7.66E-35 LS,5a= 0 NEI= I. 66i.-3b
GAI J= 4.1 6E-O5 L ,S.S = 1.93E-10 NET= 4.16E-05

1...,C i -): 3AI = 1 .91E-28 LUSS= I -IOE-32 ,iET= 1 .9 11L-?

. -; ;i.-,J = I • 2 )E - 2 ' 4.,; 6 . IH E-42 I.VE I= 1 .I • E - .-..
.. + ,: '.LI ,'.= . ,bSE-2"# L(;SS= I • 1 OE-32 !>I=: -Y

, • - ? L :./i = -j 9 -'. L.3S ! .63E-47 . £i= P ~ P;-

j. 9
;It= 39) E-- 3 L. = 1;9 -0 4 .10 i 4. 1 ih-,,o
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TABLE XX (Continued)

UATIlT: 'N~.)= S 30E-04 L()SS= 3.961E-04 NET= 4.34E-04I

GI AtX-= 7*30E-29 LOSS= 3 *6')E-29 NET= 3.VQE-29
L: GAIN)= I-SIE-04 LOSS= l.314E-04 NET= 4*66E-O5

G3AIN= 4.26E-36 Ltj.,S= 1.54~E-36 NET= 2.66E-36

H;L: GAI= 6 .90E:-O 5 L -'S S= 5*.12E-05 NET= 1*781E-05

GAIN= 1.3i3E-04 LOSS= 5.lI-05 NEI= S3.o-O5
UL 3G1j N= 6e06E-07 O.SS= 2-25E~-07 NET= 3.81E:-O?

*-(TOD): ;AI;4= 3.'h3E-03 L.)L 3.90FL-03 NEI= -4.70E.-04

F: GAil V 3*21E-O L 0 b, 3.X1IE-03 NEI= -6.OOE-0il
F: GAI1N= 1*12L.-G4 LOJSS= A.15E 0!:i NE I' 7.U5Fi-O

GADIe. l75E.-3A LOSS= 16 6 E-3 5 NET= 9 *6 4i-35
4CL: AINS 1912E:-04 Lr)S~S= *416E:-05 Nr=70EO

~C FsC(I) GAI N= 2*OSE-29 LUS!$ 7*55E-32 NEI= 2.04E-29

H+HF: 4AI N= 2*053E-29 LOSS3= 6.67E-41 N ET= 2 * 05E-' 9

qj+DF: GAIN= 9*74E-34 LWS = ?.bSE-32 NEI= -764~5E-32

M I SoH+QL F: GAI N= C LOSS 0 NEI= 0]

'10JAL G3AIN= 1#14E,-02 LO~SS= 4.30E-03 NEI= 7913E-03
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TABLE XX (Continued)

"rI. ELIF1::. 4F(R

PU !,'I MG GAIN= 1 IOE-02 LOSS= 9*21E-09 NET= 1 IOE-02

V-i(TU(T): GAIN= -2e47E-04 LOSS= 8 30E-04 NET= -5,83E-04

H: GAIN= 2.05E-29 LOSS= 7.30E-'29 NET= -5*25E-29
GL: GAIN= 3,78E-05 LOSS= 181E-04 NET= -1-43E-04
12: GAIN= 1934E-36 LOSSv 4926E-36 NET= -2.92E-36
HCL: GAIN= 1*44E-05 LOSS= 6.90E-05 NET= -5°46E-05
HF: GAIN= 9.51E-05 L0S= 3,03E-04 NET= -2,08E-04
i: GAIN= 4,33E-05 LOSS= 1.38E-04 NET= -9946E-05
ULF: GAIN= 1&90E-07 LOSS= -6,06E-07 NET= -4.16E-07

'V-V( T)* GAIN= 1.91E-03 LOSS= 6.43E-03 NET= -4952E-03

HP: GAIN= 1.84E-03 LOSS= 6.21'E-03 NET= -4.37E-03
DF: GAIN= 3,51E-05 LOSS= 1•12E-04 NET= -7,69E-05!K
q2: GAIN= 6907E-35 LOSS= 1.75E-34 NET= -1,14E-34
HOL: GAIN= 3*52E-05 LOSS= 1.12E-04 NET= -7*68E-05

SG.I,(TOT): GAIN= 9,92E-31 LOSS= 1@07E-28 NET= -!06E-28

H+4F: GAIN= 9.92E-31 LOSS= 1,07E-28 NET= -1*06E-29 hi
H +DF: GAIN= 6,93E-40 LOSS= 1.52E-31 NET= -1.52E-31

MISPNH+CLF: 3AIN* 0 LOSS= 0 NET= 0

1MAL GAIN= 1931E-02 LOSS= 7926E-03 NET= 5.89E-03
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TABLP. XX (Continued)

S-PECIES: HF(3)

PUMPING: GAIN= 1 61E-03 LOSS= 2.12E-04 NET= 1.40E-03

V-TCT,,f): GAIN= I,0E-05 LOSS= 2.47E-04 NET= -2.36E-04

H: GAIN= 1.71E-30 LOSS= 2,05E-29 NET= -1.88E-29
CL: GAIN= 1.39E-06 LOSS= 3*T7E-05 NET= -3.64E-05
H2: GAII= 6,57E-38 LOSS= 1934E-36 NET= -1,27E-36
HUL: GAIN= 5,33E-07 LOSS= 1,44E-05 NET= -1,39E-05F HF: GAIN= A.6SE-06 LOSS= 9,51E-05 NET= -9,04E-05
SF: GAIN= 2,13E-06 LOSS= 4,33E-05 NET= -4,11E-05
GLF: GAIN= 9.36E-09 LOSS= 1.90E-07 NET= -l,.IE-07

V-V(TOT)* GAIN= 3,31E-03 LOSS= 8,39E-04 NET= 2.47E-03
HF: GAIN= 3.30E-03 LOSS= 7,6SE-04 NET= 2#53E-03

D-: GAIN= 1,74E-06 LOSS= 3951E-05 NET= -3.34E-05
Hp: GAIN= 2.71E-36 LOSS= 6#07E-35 NET= -5.80E-35
HCL: GAIN= 1.74E-06 LOSS= 3952E-05 NET= -3.35E-05

Sui,(°'T'Y: GAIN= 6.67E-41 LOSS= 4.74E-29 NET= -4.74E-29

rI+HF: GAIN= 6,67E-41 LOSS= 4,73E-29 NET= -4.73E-29
H+DF: GAIN= 9.21E-46 LOSS= 4.25E-32 NET= -4.25iE-32

., CL . GAIN= 0 LOSS= 0 NET'= 0

"'F T3L GAIN= 4.92E-03 LOSS= 1*30E-03 NEfT= 3.62E-03
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TABLE XX:- (Concluded)

-SPECIES. HFC 4)

P-UMP'ING: GAIN= 2.SI51E-36 LOSS= 4o75E-31 NET= -4s75E-31

ki- T(TTYI) 'GATN= 7.16E-1O LOSS= 1%09E-05 NET=-I *1.8E-05

I: GAIN= 1-13E-34 LOSS= 1*71E-30 NET= -1*71E-30
CL: GAIN= 9.24E-11 LOSS= 1*39E-06 NET= -1.39E-06
HP.: GAIUN= 4~.35E-42 LOSS= 6*57E-38 NET= -6o57E-38
114L: GAIN= 3.53E-11 LOSS= 5*33E-07 NET= -5933E-07

qF: GAIN= 3.10E-10 LOSS= 4*68E-06 NET= -4.68E-06
DF: GAIN= 1.A1E-lf) LOSSm 2*13E-06 NET= -2,13E-06I
CLF: GAIN= 6.20E-13 LOSS= .9.36E-09 NET= -9-36E-09

V-VCtOT):' GAIN= 4.49E-04 LOSS= 2942E-05 NET= 4,24E-04 R[4F,: GAIN= 4.4SE-04 LOSS= 2.07E-05 NE:T= 4.27E-04DF, GAIN= 5*27E-09 LOSS= 1,73E-06 NET= -1s72E-06I
p GAIN= 0 LOSS= 2*71E-36 NET= -2*71E-36

HCL GAIN= 4.,36E-09 LOSS= 1*73E-06 NET= -1.73E-06

S UC F, T GAIN= 4.18E-40 LOSS- 2,54E-30 NET= -2*54E-30

N+HF*: GAIN= 4.18E-40 LOSS= 2,54E-30 NET= -2-54E-30
H4+DF: GAIN= 2-25E-51 LOSS= 1*57E-33 NET= -I.57E-33

MI SH +CLF:3TAI N= 0 LOSS= 0 NET= 0

I"9)TfAL GAIN= 4.48E-04 LOSS- 3*5OE-05 NET- 4.13E-04
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TABLE XXI. REVISED RATE CONSTANTS USED IN SERIES II

KINETIC CALCULATIONS*

Revers, of F +. H2 Puwpnp:

H + HF(h) - 12 + F k- 1013.2 3 exp (-51.o/RT)
H +. HF(5 - H2 + F k 3- 

3
1 e"P (_50/RT)

H + HF(6) -H ~F klO* 0I, .1 x (-5lO/fT)
2+

F + C-AHI Pumping:

F + e- HF(l) + C3H7k-1

F+C 3Hs F2 C 3H 7  k-lI
13

.
27

F +C 3H5 - HF(2 + C NKk7  1.5

HF - HF V-V Processes:

HF(l) + HF(l) - HF(O) + HF(2) k -
1~ 2  

T
11

AllI of the following: k - 10l T5

HF(3 + HF(3 - HF(2) + HF(1.) HF(7 + HF(S) - HF(6) + HF(9)
HF(1.) + HF(1.) - HF(3) + HF(5) HF(l) + HF(3) - HF(O) + HF(I.)
HF(S + HF(5) - HF(1.) + HF(6) HF(2) + HF(4) - HF(l) + HF(5)
HF(6 + HIF(6) - HF(S) +. HF(7 HF(3 + HF(S) - HF(2) + HF(6)
HF(7 +. HF(7) - HF(6 + HF(8) HF(1.) + JFIM) - HF(3 + HF(7

HF(S + HF(S - HF(7) + HF(S HF(S) + HF(7) - HF(5) t. HF(S)

HFMl + HF(2 - HF(a) + HF(3) HF(6) + HF(S - HF(S) :- HF(9)

HF(2 + HF(4) - HF(l) + HF('. HF(2) +HF(1.) - HF(O) HF(5
HF(.) + HF(5) - MF(3+ HFM6 HF(3+ HF(6) - HF(2) + HFM7
HF(S) + HF(6) - HF(1.) + MF(7 HF(1.) + HFM7 - HF(3 + HF(S)
HFM6 + HF(7 - HF(S + HF(S) HF(S) + HF(S) - HF('.) + HF(9)

HF -OF V-V Processes:

HF(V - I to 8) + OF(V2 0 to 2) " F(VI 1 ) + OF(V2 + 1)

k -10 
11.48v

HFMV + H - HF(V -1)4 H V T . Rt Processes:-

H -HF ky 7-T ' O10 VT- + 2.5 y '

H -OF k 7 - 10O6.5 VT - 10 n.8V
HC3H5  kV-T

M CF~ k -7- 0
0.0. VT 4

NOther roe. constants were as listed in Table X111. Reactions are
written in1 exotht rmic direction. Rate constants are in units of
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TABLE XXII. RATE CONSTANTS USED IN SERIES III ?

KINETIC CALCULATIONS*

11~~ ~ ~ Pyi n Reveriesc.&.I p(10/Y

F + : H2 -HF(2) H k It~ wW (-16W0/T)
F H 20NF It . p, (-1600/UT)
H + HF2k) I40 F + H' It 1012.57 up (-510/T)

H + HF(5). 112(0) + F k -10126.5 (-:0U

H + HF(S) - H(1) + F It- 1012." sW (-50/UT)
H + HF(s) - 2(0) + F k m1012.60 uxp (..560fTy) N
H + HF(5) " 2(2) + F kt 102.8 up (-540/BY)
H + NF(7) " (0) + F k -. ,o w~ -S40/R)
H + HF(6) H H(1) + F km w 10 Sp (560/RT)

Hi + HF(7 a Ij(2) + F k 10 No (54/pT)

F + Hr7 -HF(0) + r ik 1 up(-4O"T
F + HF(r - 11F(l) + Fr It '. 10 atp (-100/Ri)*
F + HF(r - NF(2) + Fr kt ,14 w (-100/BY)

F + HOr -NF(3) + Or It a WIS." IV(-00/

F + Hor NM) + Or k. 1:m34 "P uC-OOo/UT)

H + F2 r - HF() + Fr k m @O p (-2100/Rt)
H + 2o - HF() + Fr km I up* (-lAMY

F 2 + No F() + FrI kI 3.b248up (-lAB)

F 2  HF(3) + F km112s p -60/T

H*F2 n HF(A) + F Itm 10132 "p (-200/BY)
H. 2  F(2) + F IctO up . 20UT

H 4 F2 mH()4Fk. up (-2600/UT) i
H4F2 m HF(7) + F k 10 sxp (26400/UT)

H 2  F(S) + F km 1:113-1 e -200BY

HF() H* F() + N It 1. 013-56es

N + HF 6 + m It .6

2~ AVm-It V p (-700/T)
NU+NF 6-IM+FI to 1m01.

4 
ep (20/

N + F, -V mg + toF k a V 10120 P (-1S/T)I

NF(V) + Mm -F(V-I + ml V - T. R Prcee mVlb*hT 1 *

MmHF,~:13" Fa"F.k I '~ p (-700/R)
Mm AV -1do It 111 exp (4700/UT)

H Nor AV A- -1 It±M~,~ - V 11.5 I+145 22



TABLE XXII. (Continued)

HIMV + N- H(V-l) + H V T. R Processes:

M - F, OF. and F k -103.60 T 4.

nn~lgnkI 200T4
.3

HF - HF V-V Processai:

HF(I) +HF(l) - HF(2) +. HF(O) k -3110 T'

HF(2 + HF(t) - HF(3) + HFOk - 10 16.0. '
HF(2 + HF(2 - HF(3 +. HF(IM

HF(3 + HF(I) - .4F(l,) + HF(o)
HF(3 + HF(2) - HF(4) + HF( I) k 10 16.8 T
HF(3) + HF(3 - HF(4) + HF(2)

HF(S) + HF(l) - HF(5) HF(0)
NF(4) + HF(2) - HF(S) : HF(I) I,17.10 T-1
HF(h) + HF(3) - HF(S) +. HF(2) k.- 10
HF(4) + HF(4) - HF(5) + HF(3

HF(S) + HF(l) -HF(6) + HF(0)R
HF(S) +. HF(2) NF HF + HF(1 17.2 -
HF(S) + HF(3) N F(S +. HF(2) k -10.6
HF(S + HFMI - HF(S + HFC3
HF(S + HF(5) - HF(S + HFMS
HF(6) +. HF(1 - HF(7 + HF(0
HF(S + HF(2) - HFM7 + HF()
HF(S) HF(3) - HF(7) + HF(2) k 037.42 T-1
HF(S + NF(4) - HF(7 + HF(3 -1
HF(S + HF(S - NF(7 + NFM~
HF(S) +. HF(6) a HF(7 + HF(5) /
NF(7 + HFM1 - HFS) +. HF(O)
HF(7 + HF(2 - HF(S) + HF(l)
HF() +. HF(3) - HF(S) + HF(2)

HFM7) + NFM~ - F() + F(3) k -10 17.4 I
HF(7 +. HF(S - HFMS + HFM~
NF(?) + HF(S) -HF(S) + HF(5)
HFM7 + HF(7M HF(S) + HF(6)

HF(S) +. HFM1 - F(S + Hf 0)
HF(S + HF(2) - HF(9 + HF(I)

HF(O) + WF(S) a HF(S) +. HF(4)

HF(S) 4. H(6) a HF(9) +. HF 5) 1

We() +. HF(S - HF(S +. HF(S)

HF(S) + HF(7) - HF(S 0 H F()HF(S) +. HF(S) - HF(S) +. DF(7)

HF(I) +. DF(0) - H4F(0) +. DF(1)
H4F(2) + DFM0 - HFMl + DFMl

"F(3) + Of(0) - HF(2) +. OFM1
HF(3) +. OF(I) - HF(2) + OF(2)

HFM4 +. WF0 : HFM3 + OFMl 70 2 67

HF(4) +*DF() -HF(3) + Of(2) k V (10 T, +.1087 T)
HF(S) + SF(0) - HF() +. OF())
Hr(s) +. eF(i) - HF(4) +. OF(2)HF(W + DF(0) - HF(S + DFM1HF(S + OF(0) - HF(S) + OF(Z)
HFC7) + OFM0 - HF(S +. OF(I
HF(7) +. OF(1 HF(S + OF(2)

127



TABLE XXTI.i(Concluded)

HF - H, V-V Processes:

HF(O) + H2(1) - HF(|) + H2(0) k 1011.92

HF(O) + H2(2) H(t) + H() k t

HF(I) + 112() - HF(2) + " 2(0) 12.4

HF(I) + 12(2) JF(2) H2(l)+ H ( )2(l) 1 12.92

HF(2) + H20) . HF(3) + k-2(0)
HF(2) + H2(2) a 

HF(N) +

MF(M) + 11(2) HF(S) + H2 (0) 13.51

HF:(b) + H2(2) -HF(SI) H2(I),f k - tHFS)-,It H(O) } 1013.8
HFM) + H(2) - HF(6) + N (1)
n.F() + H20)- HF($) + H2 () k 1

HF(4) + 111(2) - HF(7) + N20) I

HF(S) + 1I(1;)- + H2 (0) k 1013.11
HF(7) + H2 (2) - HF() + 12(l)

HF(7) + M20) HF(- ) Hi(
0
) I

HFM N2l) HF8) +N 20) t -1014.00
HF(7) + H2 (2) H F(8) + N20()_ k.

HF(I) + N20I) -HI:(9 ) + 1N2(0) It 10olk0*

HF(I) + 112(2) HF(9) + 1N2(1). k -

Isotope ExchntI Reactions:-

H + DF() v 0 + HF(O)
H + DF(2) o D + HF(I)
H + VF(2) w D + HF(O)
0 + HF(O) " H+ F(O)
D + WF() H + OF( I
O + ) + DH(0)
0 + HF(2) H OF(O)

+ HF(2) - H + F()
O + H +(2) - H4 +F(2)
0 + HF(3) - H + DF(O)
D + WO() a M4 + F(M

0 + HF(3) H 0 + F(2)

+ () H + DF(O)

D HF 4) H + OF(2) 101500 t -
0 7 xp (-2240/RT)O + HF(S) * H + OF(i) k,

D + H(S) - H + F(O)
0 + HF(5) - H OF(1)

O + HF(S) * H + DF(2)
0 + H(6) a H + OF(2)
0 + HF(6) - H + DF(i)
0 + W(6) , N + Of(2)
D + HF(?) aH + F(O)
0 + HF(S) o H + F(I)
0 + F(7) a H + OF(2)_ D+HIS) o N + F(O)

o + (M - 1N + F(1
04+ HF(9) * He 91O(0)
I + 1(9) -H + C ()

0 + NF(9) - H + F(I)0 + "F(9) - N + O(I)

*Reactios or writtenin nexohermic direction; race constants are
;++ °; in units of (mole/cc)

"1 
soc"

* .
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PHASE II: SMALL SCALE LASER TESTS

INTRODUCTION

The objective of this phase of the program was the direct evaluation of advanced

reactants for chemical (HF/DF) lasers utilizing a small-scale CW laser test appara-

tus. When the program was initiated, chemical laser performance codes were in

their infancy and there was a dearth of good kinetic data. Thus, analytic deter-

mination of the performance potential, though useful in initial screening of poten-

tial advanced reactants, could not be expected to predict performance adequately.*

Experimental data were clearly required. As the program progressed, analytic per-

formance codes matured and more and better kinetic rate data became available; .
however, the ability of codes to accurately predict chemical laser performance,

a priori, is still questionable. The analysis is quite complex, requiring chemi-

cal kinetics and fluid mixing at supersonic velocities to be accurately combined.

Codes attempting to account directly for all of the phenomena occurring require

large amounts of time on digital computers and, therefore, are expensive to run.

Even given that the code itself is accurate, large inaccuracies, and unknowns still

A exist in the input data. The evaluation of advanced reactants experimentally is - )
still essential.

In this program, both alternate (to H2) cavity fuels and (to F2/D2 /He) precombustor

fuels were evaluated. The method of cavity fuel evaluation was relatively direct.

In the small-scale HF chemical laser, to be described later, alternate cavity fuels

were simply substituted for H2 in the cavity fuel nozzle flow and lasing character-

istics determined. It was recognized in the beginning that the performance char-

acteristics would not be directly comparable to H2 because the cavity fuel nozzle

was designed specifically to handle H2 (low molecular weight) and all other poten-

tial cavity fuels would have much greater molecular weight. Thus, mixing character-

istics would be expected to be substantially different and data comparing H2 and

alternate cavity fuels would have to be interpreted in this light. However, the

intercomparison between alternate cavity fuels is expected to be reasonably relia-

ble because the difference in molecular weight, which is approximitely scaled by
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the square root, is substantially reduced. The largest variation being v1'(HBr to

HCl, e.g.) for the alternate cavity fuel as compared to 40 (HBr to H 2). Later in

the program, tests were rup on a second nozzle system which was designed to allevi-

ate (at least in part) the difficulties associated with flowing high molecular

weight cavity fuels through the cavity fuel nozzle.

The evaluation of advanced precombustor reactants as initially envisioned was based

on a sumewhat less direct approach. Thermochemical analysis as described in the

previous section predicts the species and concentration of the combustion byproducts

that would occur if alternate precombustor reactants were utilized. It was beyond

the scope of the program to develop precombustors for several advanced precombustor

reactant combinations; therefore, a simulation procedure was planned. In this pro-

cedure, the combustor byproducts (CF4, N2, or SF6 , e.g.) would be introduced into

the baseline F2/D2/He combustor by mixing the appropriate concentration of the spe-

cies into the He diluent prior to the flowing of the diluent into the precombustor.

Laser performance would then be monitored using the baseline (H2) cavity fuel.

At that time, rates of HF* deactivation were not well known so that this approach

was designed to provide the most efficient means of evaluating the effect on laser

J Iperformance (in relation to deactivation effects) of advanced precombustor reactants.

As the program progressed and the role of DF as a deactivator became better under-

stood, and as deactivation rates for other species such as CF4, SF6, and N2 become

available, it became evident that the simulation method as initially planned would

not be feasible. The high deactivation rate of DF, compared to CF4, SF6, N2, and K

other species, coupled with the relatively high concentration of DF produced in

the baseline F2/D2/He precombustor, would serve to completely mask any deactivation j
by the "seeded" species so that effects on performance would not be determinable..

Furthermore, comparison measurements between power developed by arc-driven (there- I
fore DF-free) and combustion driven chemical lasers in the Mesa program strongly

suggested that DF deactivation was playing a large role in performance degradation.

Based on the Mesa tests and measured rate of deactivation it was clear that the

"game" plan for evaluation of advanced precombustor reactants evaluation based on

simulation experiments utilizing the baseline F2/D2/He precombustor had to be

changed, and it was.
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The new plan was keyed to the development of a DF-free precombustor and effort

was redirected to do just thia. Fluorocarbon fuels were selected in combination

with F2 to develop a precombustor that would generate no DF. This effort was

successful and is described in this section. Not only did this effort provide

the small-scale laser experiments with a DF-free precombu. , it also established

the viability of a readily stored, nontoxic, nonflammable precombustor fuel directly,

thus satisfying the objectives of the program in part. This new precombustor could

then be used in simulation experiments as originally conceived provided that deacti-

vation characteristics of other advanced reactant species such as N2 and SF had

deactivation rates comparable to or greater than CF4. Furthermore, this precombus-

tor could then be utilized to evaluate effects of DF via the simulation technique.

During the development of the F2/fluorocarbon/He precombustor, an alternate method

of introducing the diluent into the precombustor was developed which has much

* greater versatility. Ordinarily, diluent has been introduced by mixing with the

F2 or the D2, or both, prior to injection into the precombustor. In this effort,

secondary (staged) diluent injection was developed. This permits less reactive

fuels to be utilized and decouples the diluent source from the combustion region,

permitting much greater flexibility in operation. Also, during the course of the (
development of the DF-free precombustor, pure NP3 became readily available in the

modest quantities required for this program, so it became possible to consider

the direct use of NP3 rather than simulating its use. In-house sponsored tests

showed that the precombustor hardware that initially utilized F2/D2/He and, then,

when modified, F2/CxFy/He, could be used, as modified, with NF3/D2/He and NF3/CxFy/He,

thus paving the way to direct evaluation of NF as an oxidizer with both baseline

(D2) and advanced (CxF ) fuels. Therefore, near the end of the program, some effort

was redirected to the utilization of NF3 directly.

The final redirection of the cWort was prompted by the success in utilizing NF3

and C4F8 in the precombustor hardware. In this effort, several small-scale laser

tests were conducted in the investigation of laser performance with the test device

utilizing only advanced reactants. For example, the precombustor would be run with

NF3 and C4F8 , adding nitrogen rather tian He, and HBr would be used as a cavity I
fuel in place of H2. Furthermore, to gain additional data on the high molecular

256i 1

a "'P + i+ ' -' . .. 
=
.... + i +'"i ++'i+ i-++: .. .... . .+ _+ + - = + =... . + : __+



weight cavity fuel a new nozzle system was employed in which the cavity fuel noz-

zle was modified to permit greater flow with contours designed on the basis of

the molecular weight -d gamma of Hir. These tests yielded many interesting

results and generated at least as many interesting questions.

The structuring of this part of the report, Phase Il, .s somewhat complex because

of the ?volutionary character of the program as it was executed. First, the exper-

imental apparatus, facility, and diagnostics used for the small-:,cale laser tests

will be described. Following this, the effort in evaluating advarced cavity fuels

utilizing the F2/D2 /tie baseline precombustor will be described. Then, the effort

in evaluati.ng advanced precombustor fuels will be described. Included ifz this

discussion is the development of the DF-free precombustor and the facility and

i apparatus used in this development effort. Finally, the most recent tests, designed

to ivestigate laser performance using advanced reactants entirely is discussed.

This is followed with a summary of results and conclusions for the work carried

out in this phase of the program.

EXPERIMENTAL APPARATUS

The small~scale C?1 HF chemical lasev utilized in this program %as constructed and

checked out on Rocketdyne-sponsored funds and operated in the CWLL (Continuous

Wave Laser Laboratory) located at Rocketdyne's Santa Susana Field Laboratory.

This facility, the baseline test hardware, and diagnostics utilized in this pro-

gram are described below. Some changes in the baseline configuration were made

in connection with certain test series. These changes are described in the test

series discussion.

Facility

The CWLL facility was set up explicitly for the operation and testing of small

CW chemical lasers. It consists principally of a pumping station, a gas control

system, an operations and instrumentation console, and a vibration isolation opti-

cal table which encloses all but one side of the test station. Figure 128 shows

a schematic of the facility.
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The pumping system includes three rotary, positive-displacement pumps with inter-

stage heat exchangers, and a piston-type backing pump. The exhaust of the pumping

system is passed through a scrubber. There is another heat exchanger located be-

tween the test station and the pumping system.

Reactant and diluent gases are supplied from "K' bottles located outside the lab-

oratory. These gases are fed to the laboratory at reduced pressure from exterior
pressurization panels. The exterior pressure panel for F2 also includes a remote

readout flowmeter and a remote control pressure regulator. The other gases are

pressure controlled and metered at the interior gas control panel. Feed lines

then run through a ramp from the bottom of the gas control pane. to the bottom of

the test station. The test station, the gas control panel, and the ramp are fully

enclosed and positively exhausted to the exterior of the laboratory. The gas

delivery system is shown schematically in Figure 129.

Gases are turned on (and off) in selected sequence by electrically initiated pneu-

matic valves either automatically or manually at the operations console. This

console also contains instrumentation for monitoring the operating parameters of

the test device, such as precombustor pressure, cavity pressure, and pertinent

temperatures, as well as the F2 flow.

The test station is surrounded on three sides by a Lansing gas cushion vibration

isolation table that supports the optical resonator for the CW HF laser and optical

diagnostic equipment.

A photograph of the exterior of the facility is shown in Fig. 130. A photograph

of the interior, before the test hardware has been mounted, is shown in Fig.131.

CW HP Chemical Laser

The laser device used in this program consits of a precombustor for producing F

atoms, a supersonic nozzle array for injecting the precombustor effluent into an

optical cavity, a supersonic nozzle array for introducing the cavity fuel (H2 for

the baseline case) into the optical cavity, an optical resonator, and a means of

outcoupling some of the optical flux from the resonator.
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Precombustor.

Conditions. A detailed design analysis was conducted for the subscale F2/D2

chemical laser combustor. The nominal design specifications on which the design

analysis was based are as follows:

Chamber Pressure, psia 31.76

F Flowrate, gm/sec 0.953
2 lm

D Flowrate, gm/sec 0.070

He Flowrate, gm/sec 0.783

Nozzle Inlet Temperature, K 1800

Combustion Chamber. The basic internal chamber geometry was defined as a

rectangular volume approximately 2.5 inches long having a flow cross section meas-

uring approximately 0.5 by 1 inch. A minimum chamber length was desired to reduce

the amount of heat transferred to the chamber. As a first approximation, the

Dittus-Boelter expression for the heat-transfer coefficient was used to compute

the nominal hot-side heat transfer coefficient. This value, based on the given

geometry and on the known equilibrium properties at nominal design conditions,

was further modified to reflect actual heat transfer characteristics determined

empirically for similar chamber configurations and operating characteristics.

At the outset of the analysis, it was assumed that high-purity nickel would be

used for the chamber. Nickel 200 was selected in preference to other materials

because of its proved compatibility in a high-temperature fluorine environment.

Its conductivity and reasonable maximum working temperature were considered assets

in comparison with other candidate materials. Conceptually, the chamber jacket
was assumed to feature small rectangular channels in essentially 

a monolithicV

material.
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Self-Cooled Concentric Orifice Injectors. A review of several potential

I injector design concepts indicated that a concentric element type would be best

suited for the relatively small chamber size. Other elements that could possibly

-; provide higher mixing efficiency and performance were generally considered unfav-:1' orable because of the confined geometry of the chamber. Impinging types were
rejected because of potential misimpingement and maldistribution problems that I
could seriously jeopardize the structural integrity of the combustion chamber.

From a performance standpoint, selection of a concentric-element design was based

primarily on recent results derived from the Space Shuttle APS program. Extensive

cold-flow and hot-fire experimental studies were conducted to define the perform-

ance characteristics of the concentric-orifice injector. Mixing characteristics

were determined from cold-flow studies using simulant inert gases for fuel and

oxidizer. A typical curve developed from that study is shown in Fig. 133, wherein

mixing efficiency (Em) is shown as a function of sampling distance. The indicated

mixing efficiency of 97 percent at 2 inches would suggest that, with an additional

0.5 inch of chamber length, high-performance precombustor operation would be assumed.

It should be noted here that Em is a nonreactive mixing index and is not necessarily

indicative of predicted combustion efficiency with F2 and D2.100 ..

90

E I MIXING CHARACTERISTICS
mOPTIMIZED CONCENTRIC

TUBE INJECTOR
80o 0 /H2 (APS)

70
0 1.0 2.0

SAMPLING DISTANCE, INCHES

' Figure 133. Inert Mixing Characteristics of Concentric Element Injector
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4Combustion Chamber Fabrication. The precombustor is a welded assembly composed of

three principal parts, i.e., the body, the forward manifold assembly, and the rear

manifold assembly. The body is initially fabricated from a rectangular block, and

the rectangular chamber cavity is electrical-discharge machined (EDM) providing

Ithe basic wall thickness of 0.040 inch. The chamber wall design features two

integral cooling circuits, as shown in Fig. 134, contained within a monolithic

structure of nickel that is electroformed (ELF) on the basic 0.040-inch-thick wall

by an electrodeposition process. The forward face of the chamber has two orifices

that receive the mating injector posts of the injector assembly (to be discussed

later) and form the outer annular wall for this concentric-element-type injector.

The rear manifold assembly is made of machined nickel 1late and contains the four-

bolt-hole flange for attachment with the nozzle block assembly. It also provides

the inlet coolant line and manifold for the inner helium circuit as well as the

chamber pressure tap line. The aft face incorporates a metallic O-ring for sealing

combustion gases at the interface with the nozzle block assembly. Both the forward

and aft manifold flanges are contour milled to minimize the heat sink mass and

limit transient heating losses.

During and after the precombustor assembly buildup, leak and flow checks of internal

passages were taken to ensure structural weld integrity and nonblockage in the flow

passages.

Injector Fabrication. The injector assembly essentially comprises a body, a cover,

a deuterium inlet line, and a fluorine inlet line. The body, which is the princi-

pal structure member, is constructed of stainless steel because of its lower con-

ductivity and good fluorine compatibility at lower temperatures. It contains a

flange for attachment with the precombustor that has been contour milled to reduce

heat sink mass. The body also contains the two injector posts that ata separate

nickel rods accurately positioned to ensure concentric gapping with the combustor
orifice holes. The injector posts are EB welded to the body, and their inside

and outside diameters are made by EDM after welding to guarantee straightness

and concentricity. Two thermocouple fittings are EB welded to the body to monitor
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combustor wall temperature and inlet gas temperature. Fluorine is fed through an

offset tube that opens to a manifold cavity between the body and cover and enters

the inner bore of each injector post. EB welding is used to join the cover, Lody,

and propellant lines. Special manufacturing procedures were maintained for removal

of burrs and crevices that are catalytic to fluorine attack, and all internal corners

in contact with fluorine were rounded off. In addition, all welded joint surfaces

were specially prepared to ensure "through welds" by EB welding so that no back-

side crevices would be in contact with fluorine. These preparations are necessary

to deter fluorine attack and prolong the life of the hardware. The concentric

injector element (there are two elements in the combustor) is shown schematically

in Fig. 135.

F2 INLET

~ F- 024"1

__.____ .,_f .063" .083" .1065'DIA.

300

103"1 1

.190',

j .150" F INLET

Figure 135. Concentric Injector Element 11
Precombustor Assembly. Photographs of the precombustor prior to assembly are i

shown in Fig. 136 and as assembled in Fig. 137. This assembly mates with the noz-

zle array discussed below. All tests with the precombustor in this program utilized

the water-cooled, dumped diluent mode of cooling.
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Baseline Combustor Checkout jxperiments (H2/F2/He). Fcllowing fabrication

k] and assembly of the fully cooled laser combustor components, a series of four

tests was cordicted to make preliminary assessment of performance, heat transfer,

and Dperaticnal caracteristics for evaluation preparatory to any programmed use.

Conventional strain gage pressure transducers and thermocouples were used for pri-

mary measurement. Gds flows were metered through sonic venturis while coolant

water flowrates were measured with conventional turbine-type meters. Differential

water temperature m.asurements were accomplished with four-junction iron/constantan

thermopiles.

Reduced experimental parameters for these tests are listed in Table XXIII. The

basic approach to the design of these tests 4as to primarily assess combustor oper-

ation at gradually increasing combustion temperatures approaching t1' nominal

design conditions of 1800 K nozzle end s*agnation temperature. The mass ratio of

fluorine to hydrogen [F2/H2 ) was maintained at a nominally constant proportion

for these tests, while increases in combustion temperature were accomplished

through incremental reduction ol hielium diluent flowrate. The observed perform-
anze 'haracteristics for theze experiments are summarized by th. calculated c*

efficiencies, which were based on directly measured chamber pressure and propel-

lant flowrates. A rnominal uncorrected c* efficiency of 80 percent was observed

fc.r all cf th, experiments and the corrected Lombustion efficiency for heat loss

%as 93 tc 102 perc(nt.

Heat transfer measurements for the _uar tests indicated effective temperature

decrements oF 22, 33, 36, and 36 percvnt, respectively. These heat loss measure-

ments indicate eff':tive heat balance for the last three tests, conducted at some-

what lower temperatures, while a lower indicated heat loss is apparent for the

first test.

Analysis of the deta shows close correspondence to anticipated operational behavior.

Indicated hea. ,-ses appear quite compatible with each test condition. A nominally

co,ztant c* efficiency wouid be expected since it should primarily reflect the qual-

ity of the injector design itself and not the thermal characteristics.
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TABLE XXIII. i /F /He SUMMARY SHEET~2 2

Test No.

Parameters A B C D

FL ,  lb/sec 1.1) 1.91 2.24 2.31

H2 x 10
-3 l, b/sec 0.056 0.076 0.093 0.099

H2
e x 10"3  lb/sec 3.00 2.36 1.74 1.62He

Mixture Ratio 26.8 26.2 24.1 23.3

Wtot x 10" , lb/sec 4.5!- 4.35 4.07 4.03

He, percent 66.0 54.3 42.7 40.2

Pc, psia 28.8 29.8 29.7 30,8

C act' ft/sec 4888 1 5295 5031 5903

C* theo ft/sec 6080 6640 7080 7430

ic* uncorr' percent %lO.4 79.7 79.5 79.4

(Dc* corr' percent 92.9 98.9 99.8 101.6

FT K 890 1050 .1336 1463

QC cal/sec 297 768 937 983

QN1 cal/sec 189 252 302 335

QT' ,al/sec 486 1020 1239 1318

8c 64.4 46.9 33.h 34.4

MW, gm/mole 5.55 6.32 7.37 5.48

y 1.63 1.61 l1.50 1.57

C Btu/gm-mole 5.16 5.24 5.41 5.49

0.21 0.76 0.99 1.00

F2 avail' gm/sec 0.20 0.22 0.22 0.20

Ls

O~orrctedfor full shifting composition
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Nozzle Arrays. There were two nozzle arrays utilized in this program, with the

bulk of the effort completed with the nozzle designated as the Baseline 30-1X

configuration. At the very end of the program, some tests were run with a nozzle

array designed to obtain higher cavity fuel flow for high molecular weight cavity

fuels.

Baseline 30-1X Configuration. The Baseline 30-1X configuration, shown sche-

matically in Fig. 138, was based on a two-dimensional analog to an existing Mesa I

nozzle (Ref. 46). The array was designed to be 0.4 by 1 inch having the operating

parameters defined in Table XXIV. (Refer to Fig. 139 and the Nomenclature for

definition of terms.)

The nozzles were designed to produce parallel, uniform exit flow and were truncated

to approximately two-thirds full length to reduce the boundary layer thickness at

the nozzle exit. The final contour was the inviscid core boundary moved out by

the boundary layer displacement thickness. The boundary layer thickness is propor-

tional to the square root of the throat gap; therefore, iteration between the bound-

ary layer program and a program that sized the nozzles in accordance with the selec-

ted design parameters was required until the throat gap used in the boundary layer

program was equal to the throat gap from the nozzle sizing program. The modules

were designed to include relief on the side (noncontoured) walls for the side-wall

boundary layer growth. Individual nozzle contours for the multiple injector/nozzle

arrays were designed using the method described in Ref. 46. The combustor temper-

ature, core area ratios, cavity pressure, partial pressure of HF, and injector

height and width were selected to obtain a high-performance chemical laser based

on available test results at the time the selection was made.

The F2 (F, DF, He, F2 mixture) nozzles (two) and the H2 (cavity fuel) nozzles

(three) are both 1-inch long. The F2 nozzle expansion contours were optimized
for expansion from a precombustor chamber pressure of 30 psia to a laser cavity

pressure of 7.6 torr. For the H2 nozzles, the contuurs are designed to expand to2!
7.6 torr from a plenum pressure of 5 psia. The throat and exit dimensions
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TABLE XXIV. BASELINE 30-1X NOZZLE ARRAY

Design Fluorine Hydrogen
Parameter Conditions Nozzle Nozzle

R 8.0

*L 30

R 1.04

C

9 cm 0050.0305 0.0112

p,0 psla 3 764.99

T,K 1800 298
11W, gm/mole 7.34 2.0

Y.7 1.406

M e .12.95

a e cm/sec 67,000 79,080

P torr 7.67.

'~D gm/sec 0.061

2

~ gm/sec I0.151

NOTE: See Nomenclature and Fig. 139 for definition
of terms.
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of 0.012 and 0.173 inch, and 0.0044 and 0.0248 inch for the F and H2 nozzles,
2 2

respectively, gave respective geometric area ratios of 14.4 and 5.6. Accounting
for boundary layers, the respective aerodynamic area ratios are 10 and 4.

The nozzles are fabricated from nickel and assembled with electroformed nickel.

Water-cooling channels are provided in the nozzle assembly.

The axis of the laser optics (see later discussion) is parallel to the long dimen-
sion of the nozzle, thus providing about a 2.5-cm gain path. Figure 138 shows

the approximate low order mode to scale. This nozzle configuration, three H2

nozzles and two "F " nozzles, was selected b,:.ause there is symmetry in the flow-

field when the laser axis is located directly doin.---oam of the center H2 nozzle.

j A photograph of the assembled precombustor and nozzle is shown in Fig. 142. The

Regimesh structure that surrounds the nozzle array is used to introduce a He "base

bleed" to minimize recirculation and to reduce end effects.

The entire structure is mounted to a bulkhead which is bolted to the final bottom

flange of the "downcomer" at the test station (Fig. 131). This assembly puts the

nozzle exit plane just in view of the windows of the optical cavity.

Hi h Molecular Weight Nozzle Array. A high molecular weight cavity fuel and

'combustor nozzle were selected from several that were considered. The fuel nozzle

was designed to flow HBr and the combttstor nozzle the products of combustion of

D2, F2, and He. This pair was designed to yield a small distance between the

centerlines of the two nozzles, as shown in Fig. 140 to the same scale as the4 Baseline 30-1X configuration. Nozzle operating conditions are presented in

Table XXV. Geometric walls and core geometries are described in Fig. 141. The

cavity fuel (HBr) and combustor (F2) nozzle geometric throat gaps were 0.0103 and

0.0062 inch, respectively, and the core area ratios were 4 and 9.9, respectively.

This relatively large throat of the HBr nozzle was required to pass the necessary

molar flowrate of this high molecular weigit (81) gas. The F2 rozzle was one-half
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= 0.006190 IN.

gcore =-O.0056 IN.
scr 9.27 TRUNCATED

0.05__ _ _ _ _ _ _

LO

S 0.03
C.)O

0.0

0.0.

0 ~0.05 01

(INCH)

F NOZZLE
2

~go-0.01036 IN.

9cr= 0.010 IN. .

0.03 core

0.03.

0 02 CO.

0.01

0 00 0.2 0.03 0.04 0.05 0.06

CAVITY FUEL NOZZLE

Figure 141. High Molecular Weight Nozzle

279



TABLE XXV. OPERATING CONDITIONS OF HBr - F NOZZLE PAIR2

FHBr 2

Chamber Pressure, P , psia 5 32

Chamber Temperature, T , (R) 537 3240

Specific Heat Ratio, y 1.39 1.573

Molecular Weight, MW 80.9 7.34

Mass Flow

mHBr' g/sec (three nozzles) 2.61 --

mD2," g/sec -- 0.030
D!21

m2' g/sec (two nozzles) 0.417

1he, g/sec 0.316

the size of the Baseline 30-1X nozzle. The HBr nozzle is seen to be approximately L
one-half the size of the F nozzle. The lip thickness between the nozzles was set
to be 0.003 inch, which is generally considered a practical minimum. Centerline

to centerline distance of the nozzle pair is seen to be 0.0665 inch.

Optical Cavity. In this discussion, the phrase "optical cavity" refers to the

evacuated enclosure that houses the laser hardware just downstream of the nozzles.

It has an inside diameter of about 4 inches, just sufficient to accept the nozzle

I array assembly shown in Fig. 142. This enclosure contains four optical windows

that are used to view the active medium. The laser optical configuration used on

1i the device is such that the optical resonator is external to the optical cavity

so the two windows that aro within the optical resonator have a fine optical polish.

The optical cavity permits viewing from just upstream of the nozzle exit plane to

up to 5 inches downstream from the nozzle exit plane.
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Figure 142. Assembled Laser Hardware

The windows utilized in the optical cavity through which the laser optical axis

passes, varied as discussed below. For lasing tests, the two windows perpendicu-

lar to the laser axis were plexiglass. All of the window mounts have been pro-

vided with an inert gas purge to sweep out any reaction products that migh*%- other-

wise stagnate in the "dead" space adjacent to the window.

Optical Resonators. The flowfield obtained from the nozzle system described above

is depicted in Fig. 143, which is a photograph of the "orange" glow taken through

one of the optical cavity windows. In this figure, the long direction of the noz-

zles is perpendicular to the page. To minimize effects of gain variation and to

maximize the gain path for this small laser, the optical axes of all of the reso-

nators utilized in this study were oriented parallel to the long dimension of the

nozzles (in the same direction in which the photograph in Fig. 143 was taken).

This orientation is shown in the isometric schematic of Fig. 144.
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Several resonator configurations were utilized before the most practical arrange-

ment was found. In all configurations, the mirrors were mounted in precision angu-

lar orientation devices. One mirror mount was, in turn, mounted on a precision I
x-y translation stage. The mirror mounts were separated 1 meter on an invar frame-

work. All spherical mirrors utilized had a radius of 10 meters.

The first resonator configuration was utilized as shown in Fig. 145. In this con-

cept, an attempt was made to obtain a high Q (low loss) configuration by utilizing

AR-coatad windows. The AR coating was specified, to the supplier, to give trans-

mission greater than 99.5 at 2.7p. A slight cant of 5 degrees was provided to

eliminate potential parasitic oscillations. This configuration results in a much

smaller dead space than is obtained with windows mounted at the Brewster angle,

thus minimizing the possibility of collecting much ground-state HF in this dead

space. Also, this configuration permits the use of high-reflectance mirrors

(closed cavity) with performance monitored using output from a window reflection.

This configuration worked reasonably well for operation with H2 as the cavity fuel.

Later experiments with other cavity fuels indicated poor performance, so the trans-

mission of the windows was determined experimentally. The results are shown in

Fig. 146, where it can be seen that the actual transmission losses were quite

large, amounting to almost 40-percent round trip loss on some transitions.

These large window losses rendered operation on lower gain conditions impossible;

therefore, another set of window fittings was designed and the windows changed to

CaF2 at the Brewster angle. The fittings are shown in the photograph in Fig. 148

The windows are mounted with the standard, accepted (though somewhat sloppy in

appearance) method for holding vacuum without stressing the windows. The angle

of the fitting was designed for CaF2 windows. A wedge adapter was designed so

that Al203 windows also could be used. The row of holes readily visible in the

left-hand fitting provide an He sweep to purge the fittings so that ground-state

HF cannot accumulate in the "dead" space. Figure 149 shows a laser emission spec-

trum taken with the first configuration, and Fig. 150 shows the laser emission

spectrum taken with the Brewster angle windows. Comparison of the two figures

shows that several additional transitions achieve threshold in the higher Q

resonator.
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Figure 148. Brewster Angle Fittings With Windows Mounted

Alignment of this system proved to be difficult to achieve and maintain. To solve
this problem, a resonator with outcoupling was then used with outcoupling provided

by a small hole in one of the mirrors, as shown in Fig. 1S1. The hole permits

ready alignment of the resonator with an He-Ne laser beam. This configuration

solved all the alignment problems, but the hole coupling introduces larger losses

in low-order modes, requiring that the system be aligned so that the hole is some-

what displaced from the axis of the resonator, which is an unsatisfactory situation.

The hole outcoupling arrangment did provide a useful arrangement so, to maintain

all the alignment advantages of the hole coupler but to eliminate the rather larg

losses, a third resonator configuration was set up. This is shown in Fig. 152.

Performance is monitored with the light transmitted by the 2-percent Al 0 dielec-
2 3

tric coated flat. This resonator proved to be an excellent configuration and,

once installed and checked out, was used exclusively. Its only general drawback

is that it is only useful in a wavelength region in the immediate vicinity of 2.7p.

For operation at other wavelengths, e.g., DF, another dielectric-coated flat "tuned"

to 3.8p would be required.

I
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I: AU-COATED,

Au-COATED, 1 0-METER-

H20-COOLED.0 CaF2  ADUMIRRPOWER
10-METER-RADIUS MIRROR WINDOWS WITH 1-MM HOLE METER

4 TBREWSTER*'Lii
ANGLE CaF2 BEAi

TOTAL WINDOW LOSS =)% SPLITTER

Figure 151. High Q Cavity With Hole Outcoupler Configuration
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With this configuration, low-order transverse modes were easily obtained, Exanples

are shown in Fig. 5. These burn patterns were obtained by exposing "slick" card-

board to the outcoupir! beam about 30 centimeters from the 2-percent partial trans-

mitter. The mode pattern was most affected by tunirn this mirror, and low-order

mode patterns'were readily obtained.

TE TE TEgr TE1u a + TE1 0

Figure 153. Burn Pattern Display of Mode Structure

Diagnostic Equipment

For the small-scale laser studies, four diagnostic experiments were utilized:

(1) outcoupled power in one mode volume, (2) power scans across the flowfield at

various downstream locations, (3) high-resolution la!er emission spectra, and

(4) rapid scan laser emission spectra. These are showu, collectively in Fig. 154

and are discussed separately below.

Beam Power. The experimental arrangement for monitoring beam power is shown in

Fig. 155. A CaF2 beam splitter located in the outcoupled beam reflects ,out 6

percent of the outcoupled power into a disk calorimeter-type power meter that canF' be calibrated electrically. To calibrate the beam splitter, a power reading is

taken with the power meter at the calibration position indicate(! in Fig. 155 and

then ano'ther reading is taken in its normal position. The rat-io of these readings

determines the reflectivity of the beam splitter directly. The power meter is
visually monitored in real time and its output is also recorded on a strip chart

recoderfor data analysis.
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Power Scans. Having established the power in the mode volume, a detailed power

scan of the medium is obtained by moving the laser hardware relative to the optical

axis determined by the optical resonator and the optical diagnostic "train." This

is shown schematically in Fig. 156. There are two drive motors on the system. One

drives the laser hardware vertically with the vacuum maintained with a piston moving

in an 0-ring seal. The other drive motor moves the device transversely so that the

optical axis moves through the medium relative to the nozzles as shown in Fig. 1S7

During moving of the medium, part of the outcoupled beam is split with a CaP flat
;, and passed through a chopper and into a fast-response, gold-doped germanium (77 K)

detector. The signal is recorded on an x-y recorder that is coupled to the motion

via a voltage developed by a linear potentiometer. The result is a curve of out-

coupled power in one mode volume versus position in the medium, for example, as

shown in Fig. 158.

Laser Emission Spectra. High-resolution laser emission spectra are obtained with

a spectrometer, which is shown in Fig. 159, comprising a I-meter Czerny-Turner

grating (blazed at 2.5p) monochrometer, an InSb photo voltaic (77 K) detector, a

d-c amplifier, and a strip chart recorder. A 6-percent CaF2 beam splitter provides

beam sampling. This light is split again (6 percent) prior to the entry slits of

the monochrometer. The monochrometer has been modified to increase the scanning z

speed. However, it still takes about 30 seconds to scan the usual HF laser emis-

sion spectrum. To obtain a good spectrum, this requires that the medium be station-

ary for this period of time.

Rapid-Scan Laser Emission Spectroscopy. A special 12-meter rapid-scan spectrometer

has been set up to provide essentially real-time laser emission spectra. This is

shown in Fig. 160. A portion of the outcoupled beam illuminates a rotating grating

which is blazed at 2.6p. The grating and a mirror make up a "roof" reflector and

thA reflected, dispersed light is detected, after traveling 12 meters (folded path),

with a fast-response gold-doped germanium (77 K) detector. The detector output is

displayed on an oscilloscope. With a standard set of conditions, the scope sweep

is about SOO microseconds/centimeter with a total sweep time of about 0.5 milli-

second required to scan the HF laser emission spectra. A hard copy is obtained
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when desired, with a polaroid oscilloscope camera. Two typical photographs are

shown in Fig. 161. In Fig. 161a, the scope triggered twice during the exposure

and it can be seen that there are fluctuations in the output intensities of the

laser emission line. Figure 161b shows another photograph with two sweeps. In

this photograph, it can be seen that during this run there were large fluctuations

on the 2-1 P(3) and 1-0 P(6) lines. Both of these photographs were obtained from

lasing derived from the F + H2 baseline pumping reaction.
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CAVITY FUEL EVALUATION

To evaluate alternate cavity fuels, the small-scale hardware described above was

utilized with a direct replacement of the H2 cavity fuel flow with the cavity fuel

to be evaluated. The cavity fuels selected for evaluation are shown in Table XXVI

In all cases, the fuels are storable as liquids at ambient temperature in pressur-

ized vessels. The selection was based on this and the desire to evaluate several

classes of compounds. Thus, the list includes hydrogen halides, freons, simple

hydrocarbons, and an ether. Included in the list is cyclopropane to compare
with the linear compound normal propane. The energetics of all the compounds,

HR, in the reaction:

F + HR -) HF* + "R

is sufficient to obtain vibrational excitation up to, and including, v = 3, and

this compares favorably with the baseline fuel H2. For HBr, there is sufficient

energy to activate v = 4.

TABLE XXVI. CAVITY FUELS EVALUATED

Cavity Fuel Molecular Weight Vapor Pressure (25 C), psia

HC1 36.46 "650

HBr 80.92 350

HCF2C1 86.47 141

HCF3 70.02 655

n-C4H1o 58.12 36

n-C3 H 44.09 126

Cyclo-3 H 42.07 90
3 6

CH 3OCH .46.07 80

As shown in Table XXVI, the weight of all the alternate cavity fuels is substan-

tially greater than that of H2, so it was anticipated that mixing of the cavity

fuel with the F atom-containing stream would be sufficiently reduced to affect

303



iAl

performance. Thus, results comparing the alternate cavity fuels would be more

accurate than the comparison with H2. As described later, a normalization of

data was utilized to aid in comparison results with H2.

Preliminary Tests

Two series of tests was run to evaluate cavity fuels. In the first series, several

of the cavity fuels were given preliminary evaluation by measuring outcoupled

power with the optical resonator axis 1/4-inch downstream of the nozzle exit plane.

Downstream power scans, as shown in Fig. 162, show that this was where optimum re-

sults could be obtained. In these tests, the hole outcoupled resonator shown in
Fig. 151 was utilized. The results obtained from these tests are shown in Table

XXVII. For these tests, the plenum pressure for the cavities fuel nozzle was

maintained at design, which results in substantially lower molar flowrates. For

example, the molar flowrate of propane is about 20 percent that of H2, and that

of butane is 85 percent that of propane. To partially account for these effects,

the results in Table XXVII denoted as relative energy have been normalized to

molar flowrate. In these tests, the mode volume of the resonator was maintained

in low order. An additional comparison of propane and butane with H2 was made

in which the resonator was permitted to operate in higher order modes where addi-

tional gain media volume contributed to the outcoupled power. These results are

shown in Table XXVIII. Again, when normalized to molar flowrate, the performance

of propane and butane, which is quite low in absolute power, is quite comparable

j( to H2 .

The precombustor operating conditions for the comparison runs were maintained cor-

stant so that differences in precombustor conditions would not reflect on the

data. These conditions were as shown in Table XXIX. Under these operating

conditions, the theoretical temperature is reduced by heat loss to give a nozzle

entrance temperature of 1460 K, which yields an a (discounting recombination in

the nozzle) of 0.99.

It was visually observed during runs with both propane and butane that the reac-

tion region, as denoted by light emission, above the center cavity fuel nozzle,
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TABLE XXVII. SUMMARY OF PRELIMINARY TEST RESULTS OF F +HR

1 HR Relative Energy () Pwert

H 2 (baseline) - 1.0 2.5

HCR. 0.4 0.3

HBr 4.8 2.0

HCF 3  NL*1HCF 2 Cz NL NL 4
n - C3H 0.26 (2.2) (2) 0.15

.- C 3H6  0.00

n -0C H 0.20 (1.7)(2)threudcaiyflI
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TABLE XXVIII. CAVITY FUEL COMPARISON

Power Out, Power Out*/
CavityFuel watts Molar Fuel Flow

H2  4.95 1.00

SC 3H8  0.45 O.53

C4 H10 0.36 0.41

*Normalized to baseline (H2 of unity

diverged downstream when the cavity fuel driving pressure was near the design pres-

sure for matching flows. A downstream (from the center cavity fuel nozzle) power

scan for propane displayed in Fig. 162 shows peak power about 0.30 inch downstream,

reducing to zero about 0.50 to 0.75 inch downstream, whereas with H2 (also shown

in Fig. 162) the gain region extended beyond I inch. Because the more rapid drop-

off with propane may have been a reflection of the apparent divergence in the re-

action zones, the driving pressure of the cavity fuel nozzles, with propane, was

reduced until visually there was no longer a divergence. A comparison of the "on-

design" and reduced driving pressure flowfields is shown in Fig. 163. Concurrent

with this reduced driving pressure is a reduction in flow of the cavity fuel.

Despite this reduction in flow, at 0.25-inch downstream, the outcoupled power (in

one mode volume) increased (an explanation of this is given later). A similar

1' experiment with butane gave the same result. These results are summarized in

Table XXIX. In Table XXIX,the reduced power entry is obtained by nonr alizing the

power outcoupled to the molar flowrate and to the baseline (F + H2) case as unity.
St (This presents a comparison to F + H2 which is somewhat misleading in that the

flcwrate of H2 can be decreased by two with less than a factor of two decrease in

power.) A downstream p,.ier scan under these operating conditions shows that the

gain region for propane is extended by about 50 percent.

Evaluation Tests.

Following the preliminary runs, tests were conducted to obtain a better intercom-

parison of the alternate cavity fuels. Power scan data were taken in some detail
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and, concurrently, laser emission spectra were observed. Theoretically, the per-
formance of several of the alternate cavity fuels is potentially better than that

of H2 in a CW HF chemical laser. Based on a premixed model, the rapid pumping

obtained from F + C H8 provides higher gain than the F + H2 reaction, as shown in

the Kinetic Analysis section earlier in this report; yet, in terms of actual out-

coupled power, H2 gave the best results in the preliminary tests. The power scan

data provide a basis for understanding this apparent discrepancy, which will be

discussed later.

Power Scans. Power scans are made by moving the active medium relative to the

axis of the optical resonator and monitoring the outcoupled power as described

earlier. The general procedur- for an alternate cavity fuel scan is to first run

F + H2 to ensure that the laser is operating in a normal fashion. This includes

reactant flowrates, cavity pressure, power out, and laser emission spectroscopy.

After the "baseline" ch-eckout, the alternate cavity fuel is utilized in place of

H2, with all other reactant flows, F2, D2, and He, maintained at the baseline flow-

rates. These flowrates vary somewhat but not significantly from run to run. Float
level and metering pressures are recorded and actual flowrates are calculated dur-

ing data red:,.tion. After the run with an alternate fuel, the laser is again run

with H2 as a check on operating characteristics. Power Scans are run across the

nozzles at several stations downstream of the nozzle exit plane.

The piwer scan data are compiled in Fig. 164 through 168. For comparison, Fig.

167'shows a scan for the baseline F + H2. The vertical scales in these illustra-

tions are quite different, so that "intensity" comparisons between them is invalid.

However, within a given illustration, intensity comparisons are valid. Results

of an aperturing experiment described below are shown in Fig. 168 as well as in

Fig. 167. Figures 164 through 166 shows that the power scan data are quite sim-

ilar for all of the high molecular weight cavity fuels. In all cases except F +

c-C3H6, and n-C4H10 , there are power maxima above each outboard cavity fuel nozzle,

as well as the center nozzle, and a greater maxima between the outboard nozzle and

the center nozzle. It is believed that these maxima between the nozzles are a re-

sult of the fact that the spatial resolution of the mode volume'is less than the

separation of the reaction regions occurring at the interface of the reactive
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streams, as will be discussed later. The scans also show that the outboard noz-

zles are apparently not identical (Fig. 164'is a good example). In general, the

reaction zone downstream of the left-hand nozzle reaches threshold gain earlier

than that downstream of the right-hand nozzle, but the zone downstream of the

right-hand nozzle maintains gain above threshold longer, thus producing a down-

stream displacement of the gain region. The reason for this is probably related

to a difference in expansion ratios of the two nozzles.

Aperture Experiment. The approximate relative sizes of the mode volume and the

reaction region are shown in Fig. 169. With the mode volume centered downstream

of an outboard nozzle (position 1), the gain is greater than threshold and out-
put power is obtained as the mode volume is scanned through the medium. Another
maxima is observed when the mode volume spans part of the outboard nozzle region

and the center nozzle region (position 2). The largest maxima is observed with

the mode volume centered above the center cavity fuel nozzle.

i
To test this hypothesis, a simple aperture experiment was run. In this experiment,

) Ian iris was mounted on the 10-meter, gold-coated, water-cooled mirror and the las-

ing volume stepped down until the power outcoupled decreased. Figure 168 shows

I scans at about 0.25 inch downstream for power reduced by 95 percent, 2/3 and 1/3

with propane as the cavity fuel (so that the intracavity flux is relatively small).
IAs the aperture is decreased, the spatial resolution is increased. These results

indicate that the above argument is valid. One could say that the peaks observed

at position 2 are real and that the aperturing causes them to quench out; however,

in comparison with the outboard nozzle peak on the right-hand side of Fig. 168 the
position 2 peaks appear much stronger, yet disappear more rapidly. If they were

they would not move as indicated in the P/Po = 2/3 trace. With this understanding

of why position 2 peaks occur, the scanning runs are made without aperturing so

that lower gain regions may be observed. The P/Po 1/3 trace shows that this type

of aperturing does decrease gain within the reduced mode volume, thereby requiring

I{ greater gain to reach oscillation threshold.
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The apparent increase in spatial resolution that is introduced by aperturing the

beam below the natural stable resonator beam diameter is intuitive, but not immed-

iately obvious. A schematic of the experiment is shown in Fig. 170. From this

figure it is clear that the immediate effect of the aperture is to introduce large

diffraction losses as the aperture diameter approaches the natural stable resonator

mode diameter. Figure 171 shows the relationship of the natural mode diameter,
depicted by a circle, and the gain region indicated by the shaded gaussian distri-

bution. In this figure the center of the gain region is not located at the center

of the natural mode volume.

The cross-hatched area shows the extent of the gain region that lies within the

mode diameter. As the aperture is closed, introducing greater losses, the oscil-

lation will cease even though part of the gain region is within the mode diameter.

To obtain bscillation again, the mode diameter must be moved close to the center

of the gain region. The.increased losses introduced by the aperture, permitting

oscillation to occur only when the center of the natural mode diameter is at the

peak of the gain distribution, yields the apparent increased resolution.

Figure 167 shows the results of a partial aperturing experime',t run with H2 as

the cavity fuel. The iris is within the optical resonator and the high intracavity

flux caused the iris to smoke as the aperture approached the diameter of the natural

Laser Emission Spectra. Laser emission spectra were obtained as described above

under Experimental Arrangement. Laser emission spectra have been taken during

many runs. Figure 172a through ]72dishows a series of laser emission spectra

taken as a function of increasing precombustor temperature. As expected, the

higher J value transitions reach threshold as the temperature is increased. These

spectra were taken with a 5-degree-cant, AR-coated Al203 window, high-loss cavity/

resonator configuration. The general family of lines observed where testing

alternate cavity fuels was shown in Table XXIX. No lines other than those shown

in this table have been observed for any of the aLternate cavity fuels. In general,

only some of the lines are observed. As the power outcoupled decreases, the number

of lasing lines reduces.
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Figure 171. Mode Diameter--Gain Distribution Spatial Relationship
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Figures 173 and 174 were taken using the CaF2 Brewster angle windows and a hole

outcoupler as shown in Fig. 175. With the appreciably lower loss cavity/resonator

configuration, several additional laser transitions exceed oscillation threshold.

The spectra shown in Fig. 173 were obtained 0.25 inch downstream, while the spectra

shown in Fig. 174 were obtained 0.90 inch downstream. The lines in these figures

marked with a "?" have not yet been positively identified.

The spectrum shown in Fig. J73 was obtained with the resonator structor open to

the atmosphere. When the resonator is purged with dry nitrogen, the 1 0 P(S) line

also lases.

Discussion

The results of the small-scale laser tests when coupled with mixing and deactivat-

ing characteristics of the alternate cavity fuels, provide a general picture of

the place of alternate cavity fuel in supersonic, mixing chemical lasers. MKst

importantly, it is evident that the high molecular weight of the alternate cavity

fuels inhibits the mixing of the cavity fuel into the F atom-containing stream.

In all the alternate cavity fuel scan data, the power distribution is greatly

peaked directly downstream of the cavity fuel nozzles. In comparison, the scan

data using the baseline cavity fuel H2 (Fig. 167) indicate a gain region reaction
zone of greater extent. If the flow were laminar, the primary mixing mechanism

would be diffusion which decreases with the square root of the molecular weight.
This factor is 6 for the lightest alternate cavity fuel, so this effect could be

quite significant. Whereas, with H2, the reaction zone is determined by the ex-

tent that H2 penetrates the F atom stream, the reaction zone associated with an

alternate cavity fuel is probably determined by the penetration of the F atoms into

the cavity fuel stream. Consequently, the newly formed excited HF is surrounded

by cavity fuel molecules. Therefore, performance in this configuration may be

highly dependent upon the deactivation rate of HF by cavity fuel molecules give-.
that the pumping rate is sufficiently fast that oscillation threshold gain is

exceeded. Table XXX is a listing of room temperature rates for deactivating HF

(v=l) and overall reaction rates. Most of these have been obtained experimentally.
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A [ TABLE XXX. PUMPING, kg, AND DEACTIVATION RATES -

FOR SOME CAVITY FUELS

kg, kd, k g/k

Fuel cm3 mole "1 sec- 1  sec-1 torr'l cm3 mole torr

n-C H 3.3 x 1013 1.4 x 106 2.36 x 107

n-C4H 2.9 1.7 x 106 1.71 x 10 7
4 10

c-C 3 H6  2.9 3.2 x 106 0.90 x 107

H 1.0 2.4 x 105* 4.17 x 107

HC1 0.9 7.0 x 104 1.29 x 10

HBr 2.3 7.0 x 103  3.43 x 109

*Does not include deactivation by H atom

Hydrocarbon Cavity Fuels. As shown in Tab, XXX, the deactivation rates of the

hydrocarbon cavity fuels are relatively high. This, coupled with the power scan

4 data that show that these cavity fuels apparently do not mix well as H2, provides

an explanation of why the performance indicated by the premixed model is not re-

alized in the test device. Assuming that the concept of role reversal of the two

str,%ams (that for the high molecular weight cavity fuels the F atom must diffuse

into the cavity fuel stream to form HF) is at least qualitatively correct, then,

as mentioned above, the excited HF is *.n a high local density of rather rapid de-

activators decreasing the gain and power available from the active medium. This

also explains the behavior noted in the preliminary runs with propane and butane

where the power outcoupled increased when the cavity fuel flowrates were decreased.

In effect, the decrease in flowrate decreased the local concentration of deacti-

vators with no loss in pumping, thus increasing the gain and power available to

lase. Further decrease in flowrate would eventually reduce the pumping rate and

thus reduce gain and available power.

A If the hydrocarbon cavity fuels are assumed to mix at the same rate, which is

Drobably a reasonable assumption because the disparity in molecular weights is

smull, under these poor mixing conditions, the relative performance would be
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determined by the ratio of the pumping reaction to the deactivating rate, kg/k

This ratio is also given in Table XXX. Based upon this ratio, the relative per-

formance of these fuels should be that n-propane is better than n-butane, which,

in turr, should be better than cyclopropane. This is the order indicated by the

data (Table XXVII).

The reasons for the lack of lasing found with CF3H, CF2C1H, and CH3OCH 3 have not

been completely established. In the case of CF3H the overall reaction rate for

F + CF3H HF + CF3 is very slow compared to F + H2 -, + H, as reported later

in this document. This could be the primary reason for not observing lasing. Be-
cause of the structural similarity of CF2WlH to CF3 H, a slow reaction rate would

also be expected and, consequently, would also explain the lack of observed lasing.

The abundance of methyl protons on CH3OCH3 suggest that the overall reaction rate

would be high. In this case, the lack of lasing may be a consequence of an even

higher deactivation rate of CH3OCH3 compared to c-propane. The presence of a

basic site at the 0 atom in this molecule might promote "sticky" deactivating

collisions.

Hydrogen Halides. Power scan data obtained with HCl as the cavity fuel (Fig. 158)

gives results that are about the same as for the hydrocarbon fuels that provide

gain. Again, the high molecular weight leads to a reduced reaction zone. Based

upon the kg/k d ratio, HCl would perform better than the hydrocarbons in the test
device. As shown in Table XXVII, more power was outcoupled in one mode volume

using HC as the cavity fuel than that obtained with propane.

Preliminary data obtained with HBr as the cavity fLtl gave very good results

(Table XXVII) in thefirst experiments. This is consistent with the k /kd ratio of

HBr from Table XXX.' However, in subsequent tests, the performance with HBr was

considerably less than that observed initially. Suspecting contamination of the

HBr, a cold trap was put into the HBr line and a cursory run was made. The per-

formance was considerably improved, but still far below the original results.

Inspection of the cold trap revealed that considerable material had been trapped,

much of it appearing to be H20. (Later in this report, where the measurements of

the overall reaction rate of i + HBr are described, this also is discussed.) Addi-

tional tests were conducted on this compound and are reported and discussed later.
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Chemical Analyses. Because of the apparent contamination of the HBr and the quite i
deleterious effects contaminants could have, chemical analyses were performed on

the other cavity fuel reactants. The results of chemical analyses, which were

performed by an outside laboratory, of the hydrocarbon alternate cavity fuel candi- I
dates are shown in Table XXXI. In all reactants, except cyclopropane, the purity

is greater than 99.5 mole percent. The impurities present, in amounts less than

0.5 mole percent, are not species which would have any greater HF* deactivating I
characteristics than the stipulated reactant, so they would not affect the results.
This is also true for cyclopropane, which contains 4.34 mole percent of propylene,

which is not expected to deactivate IF* more rapidly than cyclopropane.
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TABLE XXXI. RESULTS OF CHEMICAL ANALYSES OF HYDROCARBON CAVITY FUELS*

Composition

Fuel Constituents Mole Percent

n-C3H8  n-C3H8  99.893

C2H6  0.034

C3 H6  0.073

3c-C3H6 c-C3H6  95.660

C3H6  4.340

n-C4H10  n-C4H10  99.542

i-C4H1 0  0.422

3n-C3H8 0.036

i-C4H1o i-C4H1o 99.781

n-C4H 0  0.991

n-C3 H8  0.128

CF3H CFH 99.980
3 C3

CF2C12 0.020

CF2C1H CF2C1H 100.00

CH3 OCH 3  CH3 OCH3  99.940

CH3 OC2 H5  0.060

*I

Performed by West Coast Technical Service Inc., Cerritos, Calif.
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PRECOMBUSTOR FUEL EVALUATION

As noted above, the original scope of work for this part of Phase II was to eval-
uate, through simulation experiments, various precombustor reactant systems deemed

acceptable from Phase I thermochemical and kinetic analysis. Most of the reactant

systems studied in Phase I contained hydrogen (or deuterium replacement for hydro

gen) because the high deactivation rate of H2or D2 was unknown early in the program.

However, DF was found by other investigations to have an appreciable deleterious
effect on HF performance prior to the initiation of this phase.

Measurements of DF deactivation of excited HF was shown to have a deactivation

rate about 50 percent faster than HF V-T deactivation of HF (v = 1). This rate

is much faster (more than 2 orders of magnitude) than that found for CF4, N2, and

SF6. To observe the effect of CF4, N2, SF6, etc., on laser performance, large

concentrations of simulants (on the order of 100 times that of DF) would be re-
quired to match the relative effects of the DF. Consequently, the approach was

modified to find a precombustor fuel other than D2 to eliminate the formation of

DF in the combustor. Fluorocarbon fuels were selected for this effort inasmuch

as no DF is formed.

C F6/F2/He and C4F8/F2/He reactant combinations were experimentally evaluated in
combustor tests. Preliminary evaluations were performed in workhorse hardware;

Based on the results of these preliminary tests, C4F 8 was selected for further

evaluation because of superior burning characteristics (as noted by higher com-

bustion efficiency and less evidence of-sooting in the exhaust stream). Checkout

tests with the C4F8/F2/He combination utilizing the lasing hardware were success-
fully completed. It was found that combustion of the reactants could not be

sustained in the presence of diluent injected with the fuel. As a result, a sec-

condary injector was fabricated and evaluated to permit sustained operation.

This injector was designed and fabricated for use in follow-up lasing experiments.

Following the characterization of the new precombustor assembly and reactant com-

bination, baseline tests were conducted to ascertain the performance of the CWLL

chemical laser using D2/F2/He and C4F8/F2/He reactant systems. Laser power,

(
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outcoupled in one mode volume, was measured as a function of position in the

active medium, and laser emission spectra were recorded. "Hydrogen was used as

the cavity fuel.

Effort in this phase principally focused on characterization of the newly de-

veloped C4F8/F2/He combination. Following this effort, tests were conducted to

evaluate NF3 as areplacement oxidizer and N2 as a replacement for helium diluent.

DF-Free Combustor Tests

Selection of Alternate Precombustor Fuels. Several alternate precombustor fuels

were considered to evaluate a DF-free precombustor, as listed below:

(CN)2  C3F6

CS CEF.2 C2 F6

C2F4  C4 F8

Of these, both CS2 and C6F6 are liquids at room temperature. These were elimi-

nated from further ctnsideration because available hardware and facilities did

nated for evaluation in this program. This fuel, while having great promise for

providing high laser performance, is hazardous to handle due to its severe fire

and explosive characteristics. Of the four remaining gaseous fluorocarbons,
~C2F 4 and C2F 6 were eliminated from further consideration. C2F4 can be explosive

and requires an inhibitor (about 1 percent of C1 oH1 6) for safe handling. If some

of this stabilizer were carried with the C2F4 vapor, it would form HF, which is

to be avoided. C2F6 requires cryogenic storage and was suspected to be a less

efficient laser performer due to the reactant's low heat of combustion. As a

result, C3F6 and/or C4F8 were chosen for evaluation as gas reactants. Handling,

storage, and delivery features presented no known serionts problem with existing

facilities and combustor hardware. These materials are nontoxic, noncryogenic,

nonexplosive, require no inhibitor, and can be stored :s liquid. Vapor pressure

at only slightly elevated temperatures would permit evaluation of the reactant

I L 330



Facility Description. Test activities to evaluate DF-free combustors were con-

ducted at TARE stand in the Propulsion Research Area (PRA) of Rocketdynes Santa

Susana Research Laboratories. TARE stand was activated to provide a versatile

facility capable of testing baseline H and F reactants, fluorocarbon fuels andH2  F2

F2, and fluorocarbons with NF3 . This last combination is nonhypergolic, and an

ignition sequence utilizing F2 was also provided. Figure 176rjpresents the stand

schemiatic; within this system is a water heater unit which provides the desired
run pressure at elevated temperatures when C 4 F8 is used. (C 4 F8 has insufficient
vapor pressure at ambient temperatures.) Also included is an accumulator to pro-

vide adequate fuel supply for a 5-second run duration. C3F flow capability is

provided by simply teeing this system into the main fuel storage system line.

The combustor was mounted horizontally (Fig. 177). Propellant and diluent supply

pressure were set by motorized loaders/regulators in conjunction with electrically

operated tank vent and control valves. Purge pressures were set with hand loaders.

Firing sequencing was controlled through an electronic sequencer from the blockhouse.

Pre.,sures were measure d with bonded strain-gage transducers (Taber Teledyne).

Chamber pressure was measured at two positions in the chamber in all tests. Liquid

water coolant flowrates were measured by means of turbine flowmeters. The gaseous

propellant flowratn was measured by sonic venturi meters. Temperature was measured

using iron-constantan thermocouples. Transducer calibrations were employed to ob-

tain appropriate factors for test data reduction.

Pressure transducers were calibrated end to end by mounting them on stand manifolds
in which pressures are read with high-precision Heise-Bourdon tube gages. The lat-

ter is calibrated periodically on a Ruska deadweight testers. All pressure trans-

ducers had a four-time calibration at the start of the test program with the length

of pickup line from pressure tap to transducer minimized. The turbine flowmeters

were calibrated prior to the initial test and the sonic venturi meters were

calibrated by the manufacturer to determine the discharge coefficient (CD),
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Thermocouples were used on the basis of the standard NBS millivolt/temperature

tables and thermocouple recorders were electrically calibrated. The following

auxiliary recording systems were employed:

1. An 8-channel, Brush, Mark 200 recorder was employed in conjunction

with a Beckman unit, primarily to establish t:,ne intervals for com-

puter data reduction and, additionally, for "quick-look" information on

the most important parameters. This is a direct-inking system, with
display on high-gloss, graduated paper moving at 20 mm/sec.

2. Direct-inking graphic recorders (DIGR's), either Dynalog rotary chart

or Esterline-Angus strip chart, were used to set prerun propellant

supply pressures, for recording of propellant manifold pressures, to

provide quick-look information, and as secondary backup to the Beckman

and oscillograph recorders.

3. An Esterline-Angus, 20-channel event recorder was used for direct-inking

_J recording of main propellant valve signal and travel; as well as for

chart drive and camera actuations.

Combustor Hardware. The basic combustor hardware associated with the small-scale

laser test device was described in "Experimental Apparatus." For the combustor

testing of alternate fuels to develop a DF-free combustor, additional combustor

hardware was utilized as described below.

Workhorse Hardware. Four workhorse components were available to support

this test program: (1) a copper, single-element triplet injector; (2) a copper,

uncooled combustor; (3) a stainless-steel, uncooled combustor; and (4) a water-
cooled, copper nozzle.

The copper, single-element triplet injector (Fig. 178) was utilized in early ex-

periments to provide optimum mixing of the gas/gas reactants when used in con-

junction with the uncooled stai-iless-steel combustor (Fig. 179). Heat loss data

with this configuration are unavailable; however, assumed heat losses at given

flow conditions were determined from available heat flux data on similar hardware

where empirical data were available.
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Figure 178. Experimental Copper Injector
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Figure 179. Precombustor A-,r3mbly, Uncooled
Material: 304L CRES
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An uncooled, copper combustor asse-nbly (Fig. 180 and 181) was also utilized in

this program with an upstream configuration identical to the regenerative/dump-

cooled combustor. With this component, the concentric element injector could be

evaluated prior to receipt of the sophisticated regenerative/dump-cooled combustor.

The last additional workhorse component utilized in this program was a water-cooled,

three-element nozzle (Fig. 182). The flow characteristic of this nozzle is matched

to the Baseline 30 nozzle array and was utilized in many of the original tests.

Secondary Injector. During the course of the test program, the need for

staged diluent injection became apparent. Instabilities and quenching occurred

upon introduction of the helium stream. To provide for adequate operation, a

staging injector (Fig. 183) was fabricated for use. This component is installed

between the combustor and nozzle array. Approximately 1 inch of mixing length is

provided downstream of the second and last row of elements. The element config-

uration is designed to place one-fourth of the total flow into the center of each

quadrant of the combustor cross section. Cooling is provided by regenerative flow

of the diluent and some heat extraction by the H20 coolant of the adjacent compo-

nents. As a result, very little additional heat loss is introduced into the

assembly by incorporation of this component.

Data Reduction Technique/Description. F.-r laser operation, composition of the

products of combustion in the fluorine nozzle are required, and can be determined

only if the driving pressure and nozzle inlet temperature are known. In addition,

the unburned/undissociated reactants are required. To provide this information,

the following procedure was employed: I
1. Flowrates, heat losses, and chamber pressure are directly measured

and are provided for each test.

2. c* is determined by the relation@

PAt
C* ct

wt

'DSee nomenclature listing for symbcl definitions
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where:

P = a measured value averaged between two Taber 0- to 100-psia

transducer outputs

At = the cold-flow area based on cold GN2 blowdowns with constant

applied boundary layer

1t = the total flow of the system summed by three flow-control

devices, one on each gas-flow line

c* theo either the frozen or full shifting theoretical c* value

from Rocketdyne's il-element program which has been utilized

in nearly all of Rocketdyne's rocket engine test programs

The theoretical c* value is generated witl, and without heat loss corrections.

Efficiency quantities are then determined as a measure of the injector mixing/

reactant burning to completion efficiency.

3. Combustor efficiency is defined as:

Cact
c* c*uncorr thee (no heat loss correction)

and cC* A

corr theo (with heat loss correction)

and c*theo is generated for full-shifting composition unless otherwise noted

4. The nozzle stagnation temperature, To , is determined by the n-element
0'

shifting program, having been calculated based on an energy balance of

heats of combustion, heat losses, pressures, reactants, dissociation,

and recombination.

S. The products are determined by the same energy balance program, from

which a, MW, y, Cp, a and F2  are determined.
avail

CAF6/F2/He Reactant Combination Evaluation. Combustion tests were initiated to

assess ignition, performance, an: heat transfer characteristics of C 3F6 when used

in combination with fluorine (F2 ) and helium (He). The combustor assembly em-

ployed in these tests consisted of a two-element (concentric) injector (Fig. 135

and 136), an uncooled copper chamber, and a water-cooled workhorse nozzle.
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Conventional strain-gage pressure transducers were used for all pressure measure-

thermocouples. Gas flows were metered through conventional sonic nozzles, while

2 the nozzle coolant flowrate was measured with a conventional turbine-tyne meter.

Initial checkout tests were conducted using a short ignition lead of gaseous hydro-

gen to initial combustion. Results indicated that the F2/C3F6 reaction could be

initiated and sustained at the mixture ratio evaluted and subsequent data tests

were conducted without auxiliary hydrogen. Four tests of approximately 3 seconds

duration were conducted (tests 4 through 7, Table XXXII). Run duration was mini-

mized to preclude ovrheating the uncooled chamber. For these four initial tests
(No. 4 through 7), the flow-control orifice was located approximately 18 inches up-
stream of the fuel main valve. To reach steady operation, up to 3 seconds of run

time is required. (The data slice quoted was immediately prior to shutdown.) As

such, the fuel flowrate.quuted for these tests could be lower than the actual

flowrate achieved. The nominal corrected c* efficiency quoted for these tests is

nominally 75 percent. Posttest examination of the combustor intericr disclosed

substantial carbon buildup of a sooty consistency

Becau e of these preliminary test results, two additional tests (No. 8 and 9) of

approximately 5 seconds duration were conducted to verify the operation of the

combustor and performance characteristics of the C F6. Before testing, the C3F6
flow system was modified to incorporate a larger diameter supply line and a re-

duced distance between the sonic nozzle and main valve. These modifications were

designed to more fully ensure a constant flow of C3F6 to the combustor which

appeared erratic due to the high pressure, undontrolled gas present between the

flow-control orifice and main valve. Modifications reduced the volume to one-

sixth the original volume so that flow control was reached in approximately

0.5 second.

To verify combustor operation, test No. 8 was conducted using H2 instead of C F6.

The resulting calculated corrected c* efficiency value of 91.0 percent indicated

somewhat lower performance than data obtained from previous testing (see H2/F2/He

Baseline tests) using the same type of injector and the same nozzle. However,
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the uncooled copper chamber heat loss was determined by a temperature measurement I
placed into the cutout segment of this assembly (Fig. 180). A heat flux value

was calculated by the isolation pad tcmperature rise. Extrapolating this pre-

sumed average heat flux over the entire mass permitted the determination of the

total heat loss. Heat loss calculations made for this test compare favorably

with measurement made in the H2/F2/He checkout series; however, the corrected TcI*
value for this "baseline" test is approximately 8 percent lower than previously

determined and may be due to the rather short-duration test measurement of isola-

tion pad temperature rise.

Test No. 9, using C.F as the fuel, resulted in a calculated corrected c* eff.'i-

ency of 91.5 percent. A comparison of the chamber pressure traces, as shown in

Fig. 184, shows that the combination of F2/H2/He of test No. 8 produced a very

stable P trace, while the F2/C3F6/He combination in test No. 9 exhibited oscil-

lations (24 Hz). These results suggest that the combustor itself is performing

nominally, while the combination of F2/C3F6 results in instability. Substantial

carbon buildup was once again noted.

From these checkout tests, it was concluded that: (1) a reaction between F2 and

C3F6 could be initiated and sustained but combustion was unstable and appreciable

amounts of soot were formed, and (2) additional testing over a wider operating

range should be conducted to confirm the preceding observations.

For tests No. 10 through 14, a new unlike-impinging triplet, copper injector

(Fig. 185) was designed for optimum mixing at a single nominal test condition.

In addition, a simple matching chamber was also designed for use with the new
injector (see Workhorse H~ardware description)._'

Five tests of approximately 5 seconds each were conducted. The initial two tests

were conducted with F2/C3F6 and no helium dilution. The next two tests were with

F2/C3F6 /He, in which the latter was at a specific operating condition closer to

where the injector was optimized. Finally, the last test was conducted with

F2/H2/He as a reference base for performance comparison and for verification of

performance consistency with previous test results,
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4

The results of the five tests are outlined in Table XXXIf., Test conditions for

the C F6/F2/He tests were well above the nominal stoichiometric condition for

F2/CsF6. The calculated corrected c* efficiencies for these tests were nominally

85 percent.

The results of tests 12 and 13, which were without helium dilution, indicated the

same order c* efficiency (and similar temperature degradation) as for neat opera-

tion. It should be noted that test 13 was the operating condition for which the

injector mixing characteristics were more closely optimized. The level of per-

formance (-86 percent) for these tests appears to be approximately nominal for

this reactant combination.

Finally, the last test was conducted with F2/H2/He (no C F6) to establish a per-

formance reference with the preceding four tests and with those previously con-

ducted with equivalent combustor configurations. The indicated c* efficiency of
97 percent appears consistent with those conducted with the original concentric

orifice CWLL configuration.

The chamber pressure traces for the five tests were compared. Tests using F2/C3 F6 /

He with 7.8 percent or less helium dilution did not exhibit any oscillations.

When the helium dilution was increased to 14.4 percent by weight, oscillations

(24 Hz) as shown in Fig. 186 occurred. Test lA using F /H2//e with 19.2-percent

helium dilution did not exhibit oscillations.

Posttest examination of the combustor interior disclosed a substantial carbon

deposit on the injector face and chamber walls. This buildup was also present

in the previous series of tests and is indicative of reduced F2/C3F6/He combustion

efficiency since, under the normally F2-rich operating conditions, little free

carbon should be present.

The results of these supplementary experiments clearly indicate the performance

characteristic for F2/C3F6 and F2/C3F6/He is reduced by -10 percent in comparison

with those observed with F2/H2/He. There is some speculation that C3 F6 may be

decomposing (2 C3F6 4 3 CF4 + 3C) and that subsequent carbon reaction with F2

results in reduced performance.
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These results show that hypergolic combustion between P2 and an unsaturated fluoro-

carbon cai! be obtained. However, the reduced combustion efficiency of C F the

excessive soot level and the instability with helium dilution, suggests a need to

seek a different fluorocarbon fuel that will provide improved overall characteristics.
-A

C4F8/F2/He Reactant Combination Evaluation. A review of fluorocarbons available

for test evaluation at this time indicated that C4F8 could be utilized in the com-

bustor test activity. C4F8 has similar theoretical thermochemical performance as

C F when reacted with F2 and diluted with helium. However, burner test results

at AFRPL-EAFB indicated that the fluorocarbon C4F8 might burn "cleaner" than the

C 3F6 fluorocarbon and, Ps a result, might also achieve higher combustion effici-

encies in the CWLL subscale hardware. Tnerefore, effort to provide a DF-free com-

bustor was revised from burning C F8/F2/ho to C4F8/F2 /He.
3848

Test activity was then initiated employing the F2/C4F8 propellant combination.

Tests I through 1] (Table XXXIII) were conducted to verify test procedures and

adequacy of the data acquisition system. Tests 12 through 25 were conducted to

evaluate the operation of C4F8 and F2. These 25 tests were conducted utilizing

the copper triplet injector, the stainless-steel uncooled combustor, and the

water-cooled nozzle assembly used in previous experiments.

Inspections of the combustor hardware were made following tests No. 15, 20, 23,

and 25. Carbon depositions were noted, in varying degrees; however, all inspec-

tions indicated less buildup than noted in the CsF6/F2 experiments. Following

test No. 25, a hardware problem was detected. A pinhole leak in the upstream por-

tion of the nozzle assemblywas noted and small quantities of water had been leak-

ing into the combustor. As a result, performance data acquired and reported in

Table XXXIII are apparently invalid and the cause of high C~corr is apparent.

However, some qualitative data were obtained. Initial tests conducted with hel-

ium and C4F8/F2 in this series indicated marginal combustion (Fig. 187) when the

helium was injected into the primary combustion zone. In test No. 14, combustion

was erratically maintained, while in test No. 23, combustion ceased when the hel-

ium diluent was introduced (Fig. 187). In addition, less carbon is formed by the

C4 F/F 2 reaction than in the C F6/F2 reaction.

I - 349
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To alleviate the quenching problem noted by helium addition to the primary reac-

tion zone, a secondary injector (Fig. 183) was fabricated from Nickel 200 mate-

rial. This injector was fabricated to be used in conjunction with the CWLL laser

experimental hardware for use not only in combustor exn'riental work but small-

scale UF-free laser experiments. This component was designed to provide regen- k
I erative cooling of the diluent and ample downstream lcngth for mixing.

M
Subsequent combustor experiments (Tables XXXIV and XXXV) were conducted utiliz-

ing the secondary injector in conjunction with the two-element concentric injec- r
-or, the water/regenerative-cooled combustor, and the Baseline 30 water-cooled

nozzle array. No flameouts or oscillations were detected and staging was consid-

ered successful. Tests No. 26 through 29 were conducted with the new hardware

configurations and with swirlers placed into the concentric element to enhance

mixing. This configuration is shown in Fig. 188.

F2 INLET

f..... .24' SVIRLZR (0.0os.Dmj.TiCg

NICKEL 200; PI11, --. 0.125 1NC00

.063" .0R3" ..1069'D!A.

.150 FUEL INLET

Figure 188. Swirler Schematic

For these tests, corrected c* values were 95 to 97 percent, with and without di-
luent flow through the secondary injector. However, difficulty existed in re-

taining the swirler configuration.

V Subsequent tests were conducted without swirlers. Maintaining the swirler con-

figuration for extended run times was found to be possible only by a major hard-
L ware modification. As such, the swirlers were removed and additional data
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acquired indicated adequate performance could be attained without their use.

C3F6/F2/He was reevaluated in tests No. 49 and 50, and equivalent performance

data were obtained to that previously reported.

At this time, another hardware difficulty was noted. Cooling of the injector face I
is accomplished by the diluent flowing through the coolant passages of the regen-

erative/water-cooled combustor, exiting into the coaxial injector face, separated

from the fuel manifold by a metal seal. Warpage of the combustor face from numer-

ous test cycles had produced a leak path for helium injection into the fuel flow

system. Refacing of this warped surface permitted acquisition of satisfactory

data in tests No. 49 through 58.

Tests No. 57 and 58 indicated the ability to adequately react C4F8/F2/He to achieve

the desired laser operating conditions for DF-free laser experiments utilizing the
CWLL hardware,

Discussion of Results. Information acquired in DF-free combustor experiments con-

ducted in support of this contract effort can be summarized as follows:

1. Temperatures for dissociating fluorine at proper diluent ratios for

chemical lasers can be obtained by combusting C4F8 with F2 and Ile

added to obtain a DF-free fluorine stream.

2. The C4F8 reaction with F2 produces less soot and reacts more closely

to completion than C F with F with the injectors used in this effort.

3. Instabilities and quenching of the primary reaction can be expected
in many instances when C4F8/F 2 and C F6/F 2 are reacted in the presence

of helium, at least in small-scale hardware. I
4. Diluent addition into a secondary zone can be adequately mixed into

the primary gas stream and virtually unaffect the primary reaction,

thus eliminating the above effect.

5. Fluorocarbon fuels, C4F8 and C3F6, are hypergolic with fluorine.

35
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The ability to produce the necessary laser operating conditions was demonstrated

as shown in Table XXXVI for the last two C4F8/F2/He tests where the operating
conditions most closely approximate the desired lasing operating condition.

Furthermore, the DF-free combustor can be operated at conditions "matching" the

baseline D2/F2/He operating conditions based on the available heat transfer data

from the combustor experiments. The predicted matched conditions for H2/F2/He

and C4F8/F2/He are shown in Table XXXVII where matching is based on a nozzle 
10

entrance temperature of 1550 K, a = 12, a nozzle exit pressure of 10 torr and

a nominal production of 0.285 gm/sec of available fluorine. Also shown (case II)

is a low diluent condition where = 4 and all other constants are fixed for

C4r 8/F2/lie. This case is presented to note the approximate operating condition

where the high molecular weight fluorine stream was optimized for outcoupled

power in subsequent experiments.

Secondary injection of the diluent flow was found to be satisfactory in combustor

experiments. Quenching and chugging were eliminated and no performance degradation

could be noted. The ability to properly mix the diluent into the primary stream

was not evaluated ii, this task; however, subsequent lasing experiments did confirm

a proper injection scheme.

A plot of experimental results in this phase is presented in Fig. 189. Corrected

combustion efficiency versus mixture ratio for the baseline H2/F2/He, CsF6 /F2 /He,

and C4F8/F2/He reactant combinations is shown along with the nominal operating

regime for chemical laser operation. Numerous experiments were conducted at high

mixture ratios to obtain the desired temperature level when conducting "neat" exper-

iments and to assist in evaluating the injector performance when operating with and

without diluent effects.

Though error limits are not shown, there are several potential sources of error

which should be noted. For example, for all test conditions, a constant throat

dimension was assumed. Boundary layer growth and nozzle dimensional changes due

to heat loading affect the throat dimension utilized in the efficiency calculations.
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TABLE XXXVI. OPERATING CHART - C4F8/F2

FTF (K)

min (F2)
Test Reactant Mixture Percent (Nozzle Entrance avail

No. Combination Rat4o He Temperature) a 0 gm/sec MW

57 C4Fs/F 2/He 0.94 17 2100 1.00 21.2 0.21 18.1

58 C4F8/F2/He 1.08 18.2 1675 0.96 13.7 0.32 16.8

TABLE XXXVII. CHEMICAL LASER COMPARISON OPERATING CHART

0 = 12

C I t Percent C F2 Pc
Case I Diluent a MW p y avai MR

H2/F 913 31.6 0.985 8.79 5.40 1.58 0.285 30.3 13.9

C4F8/F2  1002 20.9 0.976 14.72 6.94 1.40 0.285 1.26 18

0 =4

d] Case II

C 526 10.07 0.976 22.17 7.51 1.36 0.285 1.40 8

FFIXED PARAMETERS: TF = 1550K (Nozzle entrance temperature),

(= 0.285, P = 10torr
2 avail cav

35



4cC4

C14

e4 C-4 r

-1 , (N .3

L6 0. U.-1 -4 0

u 3 14

03a
0 .400.4 1

00t. 4.4

r4
41)

0

4

0N0

O L 00

00

o to

al 00 r D L
IU0.10 - - ~u~o (U) X~in~ 1 uo1i.snquoJ)p-3ao

358



Corrections for the numerous test conditions would be impractical, 
In addition,

-j good heat loss data were not obtained because heat sink hardware was used on many

tests and many tests were of short duration.

Physical constants for C3F6 and C48 are not well defined. When it is necessary

to deal with substances not adequately described by the perfect gas law, such as

C3F6 and C4F8, and for which tables or charts are not available, use of plotted

correction factors to apply to the perfect gas law are required. For this task,

reduced properties of pressure and temperature were assumed for the given test

conditions; and assuming the general shape of the vapor dome and assuming the con-

stant temperature lines on the p-v plane are similar to all other substances, a

compressibility factor can be determined. This method is approximate, but neces-

sary until detailed data become available on C F and C F
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Small-Scale Lasing Tests

With the development of the DF-free precombustor which required the use of second-

ary diluent injection, and with NF3 becoming available, so that both an advanced
fuel and an advanced oxidizer could be evaluated directly, the small-scale laser
test plan for evaluating precombustor reactants was revised in several ways. These

revisions led to a series of lasing tests which were conducted to:

1. Evaluate the effect of secondary diluent injection

2. Evaluate C4F8/F2/He

3. Evaluate the replacement of He with N2

4. Evaluate the replacement of F2 with NF
4. valat th relaemet o F2 wtNF3

S. Evaluate the simulation of NF with F and N
3 2 2

A somewhat different philosophy insofar as resonator alignment is concerned was

followed in these tests. Whereas in the prior, cavity fuel evaluation tests, the

resonator was tuned to low-order modes to permit some spatial resolution, in these

precombustor reactant tests, the resonator was permitted to operate in higher-order

modes so that a larger portion of the active medium would participate in the gener-

ation of power. This procedure provides a better comparison of the effects of dif-

ferent precombustor reaction products.

D2/F2/He Laser Tests/Effect of Secondary Diluent Injector. Lasing tests with

increased (higher order) mode sizes were run with the baseline D2/F2/He precombus-

tor to obtain comparative data and to evaluate the secondary diluent injection

mode of operation. Two optical resonator mirror configurations were employed.

The first configuration was that (shown in Fig. 1S2)used in previous tests. With

this configuration and the increased mode size, significantly larger powers were

outcoupled. The maximum outcoupled power was about 23 watts with the resonator

axis 0.22 inch (C = 0.22 inch) downstream of the nozzle exit plane. Another
x

mirror also specified by the vendor to be a 2-percent dielectric tuned transmitting

mirror, was employed in some tests(run after some C4F8 tests, see later discussion)

in which about 10 watts was outcoupled under what should have been identical con-

ditions. This apparent discrepancy will be discussed later.
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This D2/F2/He baseline flow conditions and test data are presented in Table XXXVIII.

Table XXXIX shows the laser emission spectral content at = 0.22 inch with a~x

dry N2 resonator purge. Figure 190 shows horizontal power scans recorded at

C = 0.22 inch, 0.42 inch, and 0.65 inch. The location of the H2 nozzles are

indicated in the figure. By and large, the curves are similar to those recorded

earlier (Fig. 167) except that there is some "peaking" directly downstream of the

middle H 2 nozzle. (The two figures, Fig. 190 and 191, showing scan data are
somewhat qualitative. A physical rearrangement of the optical train used for

these scans produced vignetting so that on the right-hand half of the sweep of

these scans, the recorded intensity was artificially attenuated. This was not

discovered until after the experimental effort was completed. The curves shown

in these four figures were generated by reflecting the left-hand portion of the

sweep to generate the right-hand portion. Based on the data shown earlier, this

is reasonable and all that is lost is the fact noted earlier that the two outboard

H 2 nozzles are apparently not identical.)

The mode volumes, as determined by plexiglas burn patterns, are shown in Fig. 192

for these tests. Operating conditions (i.e., TF M, P c) could be varied some-

what from those at which maximum power was obtained with little loss in power.

To test the effect of secondary diluent injection, a series of runs was made pro-

portioning the diluent between the secondary diluent injector and the primary

injectors. A full 0- to 100-percent range was achieved with no change in performance.

It is of interest to estimate the specific power potentially achievable based on A

the above results. Todo this, a few assumptions must be made: (1) the total

round trip loss in the resonator is estimated at 6 percent so that with the 2-

percent outcoupling, the medium is delivering three times the measured, outcoupled

power; (2) based on the nozzle scan data, one and one-half mode volumes across the

nozzle (on the average) could deliver the outcoupled power measured; and (3) from

the downstream scans, at least one mode volume located 0.3 inch downstream would

deliver 20 watts, a second located 0.9 inch downstream would deliver 10 watts,

a third located 1.5 inches downstream would deliver 5 watts. Thus, a somewhat

conservative estimate of "integrated" power outcoupled is 1.5 (20 + 10 + 5) 52.5
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' I, j11 1111 11 1 ,1,111!1 1 ! 1, 1 11 1 1 11

TABLE XXXIX. SPECTRAL CONTENT SUMMARY SHEET '

P3 P4 PSP6 P7 P8P9 P4 PSP6 P7P8 P9

D IF /He Baseline - W S S8 VW - S S S VV

F-DI -VW S SM/S. S S S W

C F IF /He Baseline - 'W 55- M S S M M

C 4F8/IF2/IN 2/He - - - H S --- VS M S VVW

(NF3 Simulation)

C F /NF /He - - S S -- S S S W -

C F /NF /He - - - S S -- M S S---

-8 3 - -- -

VVW--very, very weakJ VW -- very weak
W --weak
M - -moderate
S --strong

VS --very strong
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a1

A2

00U

LdI

R Figure t1/L. Burn Patterns,D D2/F 2/He Baseline Test

FLSlice No. 1 C~ 6.22 inch Potope 23 watts

Slice No.23 C =0.42 inch P =18 watts
x outcoupled

Slice No. 3 C, 0.65 inch Potope 18 watts

Slice N.4 C -0.5ic outcoupled=13wtsI
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watts. Total puwer delivered is tLen 157.5 watts (this would uorrespond to what

would be measured in a closed cavity measurement) for a total flow of 1.1 gm/sec.

The specific energy available is thus greater than 66 kJ!lb.

The intracavity flux density is about 850 watts for the peak power point, which

is somewhat low compared to a very h4.gh power device, but sufficiently high so

tiat at least partial saturation is achieved. With increased flux, some increase

in specific power could be anticipated. All in all, the projected specific power

for this baseline test appears quite consistent with good chemical laser performance.

C4c8!Fl/He Laser Tests. For the laser tests utilizing C4F8 in place of D the

same resonator configuration was used as in the baseline tests described above.

Tsasts were made with boLAk 2-percent mirrors. However, in these tests, the out-

coupled power did not depend on the mirror used. The reason for this is unknown

(and will be discussed later).

Typical flow conditions for these t.sts are shown in Table XXXVIII and spectral con-

tent in Table Xxxix. The maximum outcoupled power was 3,0 watts at Cx = 0.22

inch with 9 watts at 0.42 inch, and 9 watts at 0.65 inch. Fewer spectral lines

were observed with relative intensities peaking at. lower J values than for the

base.ine case. The latter is consistent with the nozzle entrance temperature as

shown in Table XXXIX.

Across-the-nozzle scans are shown in Fig. 191, There is a significant difference

in the fluid d, amic operating conditions, compared to the baseline case, as shown

by these s'.ans. The liocation of the H2 cavity fuel nozzles are as shown in the

figure so thac it car le seen that in this test the flowfield exhibited consider-

able divergerce. power was otcoupled over a range exceeding '.he nozzle

separation that i-icrtA ad with downstream location. This circumstance was gen-

erally uoted in tests where the fluorine flowfield y is less than in the baseline

r :case. This is to be expected because with the fixed area ratio of the nozzle,

."ch was designed for y = 1.5, the flow for a y - 1.25, for example, will be

underexpanded by a factor of 2 for the same pressure difference.
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The optimum diluent ratio was substantially less than for the baseline case. The

high heat loss characteristics of the precombustor required high theoretical tem-

peratures. Reducing the mixture ratio to achieve higher temperatures (and thus

highira ) reduces the fluorine available ith resulting decrease in laser perform-

ance. Higher performance is believed achievable with larger (scaled up) hardware

where heat loss would be a smaller percentage, Lower chamber pressure was uti-

lized to reduce overexpansion, as noted above.

An important feature of these results is the lengthened lasing zone with power

outcoupled almost independent of downstream position up to Cx = 0.65 inch (the

maximum downstream position where datt were taken). This is consistent with a

lower nozzle entrance temperature which would result in a reduced temperature

after expansion, compared with the baseline case and the fact that the boundary

layer growth will be substantially less than that in the baseline case. Consider-

ing the warm boundary layer as the "mat-:'" which initiates the F atom-cavity fuel

reaction, the C4 8 flow generates a sn,. r, cooler "match," so that the plmping

reaction will be slower and the downstream lasing length will increase.

The generally slower reaction rates resulting in the longer lasing zone would

also result in less gain. Again, the data are consistent. As noted above,

fewer lasing lines reached threshold (lower gain) and, furthermore, the line

intensity peaked at lower J value (lower temperature). Another factor in the

longer lasing zone may be the lack of DF with the concomitant reduction -f deacti-

vation effects

With this background, a qualitative per,*ormance comparison can be made. An esti-

mate of power available can be made in a similar fashion to that for the D2/F2/He

baseline data. Assume 1.5 mode volumes across the nozzle and from the nearly con-

stant outcoupled power as a function of docstream position, 3 mode volumes at
9 watts downstream, plus at least one more with half this power. This gives an
integrated outcoupled power of 47 watts which gives a power available greater

than 142 watts (equivalent closed cavity power). For the total flow of 1.27 gm/sec,
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4iI  this yields a projected specific energy available greater than 50 kJ/lb. In view

of the fact that the lasing zone may be considerably longer than assumed and that

the nozzle configuration, specifically designed for the baseline flow, is far from

optimum for the C 4F8/F2/He flow, the results are quite encouraging and strongly
suggests that with optimum nozzles, laser performance with the DF-free combination

may not only match but could exceed that of the baseline case on power available

and even on specific power.

N2 Diluent Evaluation. Two experiments were run to obtain a preliminary evalua-

tion of the use of N2 in place of He for diluent. In this experiment, N was

simply substituted for the He and some adjustments made in flow conditions to

account, at least in part, for different properties of N2 as a diluent to replace

He. Prior to these experiments, it had been anticipated that performance wouldbe substantially reduced so power outcoupled was measured only at Cx = 0.22 inch.

(Because of the expected lower performance power scan, data were not taken nd

the program ended before the taking of additional data could be considered.) Flow

conditions are shown in Table XXVIII and spectral data are shown in Table XXXIX.

The resonator configuration used for the D 2/F2/N2 experiment was the same as for

the D2/F2/He experiment, and that for the C4F/F 2/N2 the same as for C4 F8/F2/He.

Surprisingly, the actual power outcoupled for both the baseline reactant

H2 /F2 /fIe - N and the DF-free CF 8/F2/He ) N2 cases was only reduced about 28 I
percent. In the baseline case (H2 F2), the total mass flow was also reduced

about the same amount, so that specific power was reduced even less. Also, the
spectral content was quite similar in both cases though fewer lines lased with

N diluent and intensity peaked at somewhat lower J values. For the C F IF 2
2~4 8 22M

case, where the power outcoupled was reduced, total flowrate was greater so that

specific power would-be reduced further.

Based on these results, it is concluded that the assumption that replacing He

with N will necessarily reduce performance is incorrect. With nozzles designed

specifically for N diluent, increased performance )ver what was found in these

experiments would be expected, in which case operation with N2 diluents would

provide comparable performance to He dilution on power available and, possibly,

on specific power as well. IM
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NF3 Evaluation. NF as a replacement oxidizer for was evaluated with C4F8 as

the fuel with He diluent. This gives an all-advanced reactant (not counting the

diluent) precombustor. The resonator utilized was the same as in the C4F 8/F2/He

experiments. Flow conditions are given in Table XXXVIII and spectral data in Table

XXXIX. Two flow conditions were run with NF and C F In the first, the power
3 48

outcoupled at C 0.22 inch iq the same as the C4F8/F2/He baseline case. In the

second case, with diluent reduced, outcoupled power was reduced. These results

indicate that NF3 can be substituted for F2 in conjunction with C4F8 and He with

no loss in performance.

Another experiment was run in an attempt to simulate NF3 by using F2 and N2 . To
truly simulate NF3 with no hardware change would require thermal conditioning of

the reactants prior to injection into the combustor. This was beyond the scope

of this effort so simulation was approximated by adding diluent to account for

the higher energy release in the reaction of F2 with C4 F8 compared to NF with

C F Thus, S for the simulation experiment is larger than for the actual case.4 8'
Power outcoupled at Cx = 0.22 inch was redu.ed in ccmparison to the actual (non-

simulation) runs. This simulation run indicates both the problems associated

with simulation of NF3 and suggests that becaus the power reduction was not pro-

hibitive, with proper reactant preconditioners, NF, can be simulated with F2 and

N2 to provide reasonably reliable data. With the relatively high current cost of

NF compared to F2, such simulation would be highly cost effective in testing

large devices.

Additional Advanced Reactant Laser Tests

The very last set of small-scale laser tests was designed to evaluate an advanced

fuel precombustor and an advanced cavity fuel together. Because of mixing diffi-

culties attendant to the use of high molecular weight cavity fuels, it was decided

to use another nozzle which had been developed under company funds. This nozzle,

described earlier in this report, was designed to occupy essentially the same

volume as the Baseline 30-IX nozzle, with the cavity fuel nozzle enlarged by a

factor of 2 to increase the molar flow. This necessitated a reduction of the F2
nozzles. The same fluid dynamic flow philosophy for nozzle contouring was incorp-

orated into the design.
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Baseline Tests. Three checkout baseline tests were conducted utilizing D/F2/He
2 2and this high molecular weight nozzle.

The baseline D2/F2/He operating point with the standard Baseline 30-1X nozzle
array used in previous experiments Crable XI) had a nominal combustor reactant
flow of 0.0362 mole. To provide the desired nozzle exit pressure for the high
molecular weight nozzle, 0.0261 mole of combustor reactants are required, result- I
ing in a 28-percent reduction in available energy. Total heat loss for this new
baseline system has very little difference from the higher flow system and, as a
result, significantly lower nozzle entrance temperatures are acquired. To com-
pensate for this difference, a 8 4 TF = 1212 K was determined to be optimum for0

this system. Outcoupled power of 15 watts was measured at this maximum power

inch. This compares well with the Baseline 30-IX nozzle where 23 watts was out-

coupled for 1.52 times as much total flow.

An experiment with N showed some performance reduction. However, when compared
to the second D2/F2/He run data to which the N2 run. data more closely compares,
the reduction is much the same, as noted in the Baseline 30-X tests with N2.

HBr Evaluation Experiments. To obtain additioncl data on HBr as a cavity fuel,
two additional tests were run. In the first test, HBr was re-evaluated following
baselin evaluation of the D2/F2/He combustor system with the new nozzle as de-
scribed above. A substantially greater diluent ratio was required for this oper-
ation. Combustor reactant flows were varied to lower the exit pressure and in-
crease the temperature by lowering of the overall mixture ratio. A peak outcoupled
power measurement of 1 watt was obtained when the baseline operating point was
varied to the condition shown in Table XL. . The HBr utilized in this experiment
was a new supply received from Matheson Gas Products with a certification of com-
pliance to the quoted specification of minimum purity of 99.8 percent. A heated,

dry GN2 purge was applied to the Br supply system prior to HBr flow initiation.
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A demonstration test utilizing HBr cavity fuel was also run in combination with a

DF-free precombustor reactant system. With the constraint of a higher heat loss

percentage with the high molecular weight nozzle, a DF-free combustor experiment

in combination with HBr could be evaluated only using C4F8/F2/N2 combustor reac-

tants and the high molecular weight nozzle. (The higher heat loss pre-empted the

use of C4F8 with NF3.) These test data are tabulated in TABLE XL at two oper-

ating conditions, and 1.5 watts of outcoupled power was recorded at the maximum

power point. As occurred in all N2 diluent tests, a low diluent ratio was re-

quired. The C4F8/F2 mixture ratio was nominal, and the necessary low cihamber

pressure was obtained to provide the maximum power.

As a consequence of these experiments, a definite conclusion on the viability of

HBr as an alternate to H2 as a cavity fuel based on all of the results of experi-

ments with HBr on this program is impossible. The very early data showing promise
were not corroborated in later experiments. Results of .other workers (Ref. 47),

however, does indicate that HBr gives reasonable performance compared to H2 . It

is not clear at this point whether the late- data in this program showing poorer

results with HBr are due to the hardware utilized, and the original data are sus-

pect, or a continuing problem with water contamination even though attempts were

made to eliminate this possibility.

Split Diluent Evaluation. Because of the mixing problem associated with HBr,

splitting the diluent between the combustor and the cavity fuel flow was consid-

ered as a means to improve mixing. As a baseline experiment, a test was run with

an approximate 50/50 diluent split using the baseline D2/F2/He precombustor with

H2 cavity fuel. The high molecular weight nozzle was appropriate for this because

the larger cavity fuel nozzle throat dimension accommodates the increased flow.

Test results are shown in Table XL for this experiment. The outcoupled power

of 9 watts at Cx = 0.22 inch indicate no improvement but, rather, performance re-
duction for this one experiment. The program ended before this could be explored

further with the baseline case or for the HBr case.
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Hydrocarbon Simulation Experiments. At the very end of the program, a series of

experiments was attempted to evaluate hydrocarbon precombustor fuels through simu-
lation by using the DF-free reactant combination, C4Fs/NF3, and seeding the C4F 8
with D2 to generate DF in amounts equivalent to those that would be generated with

hydrocarbon fuels.

The baseline test case (no DF) did not achieve the required temperature for fluor-

ine dissociation due to the high heat loss compared with the decreased energy from

NF3 as noted earlier. Tests of this nature, which would h-ve to be conducted with

the Baseline 30-1X nozzle, could not be carried out because of time limitations.

Summary and Conclusions (Phase II)

It was the overall objective of this effort to find and evaluate advanced reactants

for the HF/DA chemical laser. Many advanced fuels for the chemical HF/DF laser

were tested in a small-scale CW HF chemical laser pursuant to the overall objec-

tive of the program. Because fluid dynamics plays an important role in determin-

ing laser performance, because the fluid properties of the various reactants (and

their reaction products) are substantially different from one reactant to another,

and because virtually all testing could be done with only one set of hardware, de-

signed specifically for the baseline reaction sk ;2/F2/He with H2 cavity fuel, it

was recognized from the outset that direct, quantitative results and comparisons

would not always be possible. Nonetheless, several reactant types and several spe-

cific reactants were identified and evaluated in quantitative or semi-quantitative

fashion so that several conclusions can be made. Also, as befitting an exploratory-

type program, surprises and additional questions emerged which suggest areas where

further work would be beneficial.

Advanced Cavity Fuels. There are three basic technical issues regarding alternate

cavity fuels: (1) pumping rates, (2) degradation in mixing, and (3) deactivation

rates. The results show that there are many cavity fuels that react with F-atoms

sufficiently fast to produce sufficient gain for lasing. These include the hydro-

gen halides and simple aliphatic hydrocarbons. There is evidence that other simple

374

• jb-



hydrocarbons, i.e., the freons, do not react sufficiently fast to produce gain.

One example of a cyclic-compound suggests that such compounds may provide less

gain than '-heir aliphatic equivalent. Relative performance can be predicted on

the basis of the rate of pumping compared to the rate at which the same H atom

donor deactivates HF. Mixing characteristics play an important role in this ef-

fort as the results indicate that with poor mixing, the higher the deactivation

i rate, the poorer the performance. Another class of compounds such as dimethyl-

ether may not produce sufficient gain in poor mixing circumstances because of

high deactivation rates.

A specific candidate alternate fuel, HBr, which is thought to hold promise, gave

'aried resilts. It yielded the best results of the cavity fuels evaluated, but

its performance relative to H2 is still in question.

Some alternate, storable, cavity fuels, in general, can be expected to provide

good performance if advanced nozzle concepts that sufficiently reduce the mixing

problems can be devised. An important issue in ultimate performance achievable

by simple hydrocarbons is the question of how many H atoms can be utilized per

molecule.

Advanced Precombustor Reactants. The demonstration of lasing with the combina-

tions C4F8/F2/He and C4F8/NF3/He shows that there are alternate oxidizer/fuel com-

binations more readily stored than F2 and H2 that will generate F-atoms via com-

bustion sufficient to produce lasing. Semi-quantitative assessment of C4F8/F2/He

suggests good performance potential. Substitution of N2 for He appears quite

feasible based on data obtained in this program, despite initial concern that per-

formance would be severely reduced.

To fully realize the potential of advanced precombustor reactants and the poten-

tial of N2 as a diluent, additional studies are needed and specifically designed

hardware may be required. The question of the quantitative effect of DF as a de-

activator did not get answered. Further work should be done in this area.

4
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Other Issues. Evidence was obtained regarding the importance of the boundary

J layer on initiating the pumping reaction and the effect this can have on the

length of the lasing zone. This should be studied further.

An issue that may have great importance in the ultimate application of advanced

reactants is that of the effect on optimum outcoupling optics of substantial
changes in deactivation characteristics and achievable small signal gains. This
issue was raised when apparently identical, though based on results obtained,

clearly different outcoupling optics gave substantially different results. A

tentative explanation that this was caused by the interaction of the outcoupling

optics with gain media possibly having different characteristics needs further

work for clarification.

4
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PHASE III: KINETIC MEASUREMENTS - GLOBAL PUMPING RATES

Experiments were conducted under this phase of the program to measure the global

(overall) rates of selected pumping reactions. The six reactions investigated

were the reactions of F-atoms with H2 , HBr, CF3H, CH4, C3H8, and HI, respectively,

to form HF. The rates of these hydrogen abstraction reactions were measured in a

fast-flow EPR reactor.

The global rate constant for hydrogen abstraction from a fuel molecule determines

if the given pumping reaction is fast enough to compete with the deactivation

processes. The use of an EPR spectrometer coupled with a fast-flow reactor ap-

pears to be the best means for measuring the rates of fast atom-molecule reac-

tions. As a diagnostic tool the EPR technique provides:

1. A direct, definitive identification of atomic species including V
different electronic and, if the paramagnetic component is diatomic,

vibrational states

2. A determination of the absolute concentration from line shapes

(first moments), if necessary

3. An extremely high sensitivity of about 1010 spins/gauss

4. A method that involves no interference from singlet state

components

5. A measurement that does not perturb the reaction system

Moreover, the experimental conditions closely resemble laser experiments so that

transfer of information is optimum.

The theoretical background concerning the apparatus and experiments is discussed

first. This is followed by a description of the fast-flow EPR system and

presentation and analysis of the rate data obtained. A computer program has been
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written that solves numerically a set of equations which describe the fast-flow

reactor EPR system with rigor. The program was used to obtain values for the

global rate constants from the fast-flow reactor data.

THEORETICAL ANALYSIS

The method of determination of chemical reaction rates by the use of a fast-flow

reactor will be described. Equations that define the rate of a chemical reac-

tion in a flow system are presented and discussed, along with some elements of

fluid mechanics needed for a description of the velocity and pressure gradients

in the flow tube. This is followed by an explanation of how the EPR spectrometer

is used to measure the progress of the reaction. Finally, computur programs for

the rigorous analysis of reaction rate data are described.

Determination of Reaction Rates

Kinetic studies in fast-flow reactors are almost always analyzed assuming that

I gradients in both pressure and axial velocity are negligible and that the species

concentration profiles are flat in the radial direction. For the hypothetical

I. reaction,

~1. A+ B C + D (III-l)

occurring in a fast-flow reactor in which reactant B is present in excess,

d[A] = k[A][B] (111-2)
dt

and

[B] = B]0  [A]0 +[A] (111-3)

.378F



41

Letting dt = dx/v, substituting Eq. 111-3 in 111-2, and integrating the result -=

(assuming v is not a function of x), yields the equation:I4
IiV Ln [A] [B] o

k - Ax([B]o - [Ao)' [Alo [BI (III-4)

A nomenclature list is given at the end of this rep, rt. ]
Values of k are determined by measurements of [A] as a function of distance down 4

the flow tube, Ax. When k is large it is necessary to increase v and/or decrease

the initial reactant concentrations, [A]o and [B]o, to obtain reasonably sized

variations in Ax for large changes in [A].

Because of the very fast rates of the reactions studied in the experiments re-
~~ported hele, the fast-flow reactor was designed to maximize v while operating

with a reactant (F-atom) concentration large enough to be detectable by EPR tech- ]
niques. Constraints on the velocity were imposed: (1) by the necessity to op-

erate at a pressure of no more than a few torr to avoid pressure broadening of the

EPR lines for F, (2) by the 25-mm OD maximum tube size that could be accommodated

by the EPR cavity, and (3) by the distance between the downstream sonic choke

point and the region of the reactor over which kinetic measurements were to be made.

The necessity of operating the fast-flow reactor at low pressures and high flow

velocities resulted in moderate variations of pressure and velocity with axial

distance through the reactor. In addition, laminar flow in the reactor coupled

with high reaction rates will result in radial concentration gradients in spite of

the increased diffusional rates at low pressures. All of these conditions tend

to undermine the assumptions used in deriving Eq. 11-4 and, hence, reduce thei

confidence in values of k determined through its use. Therefore, more rigorous

methods of obtaining rate constants from fast-flow reactor data have been ap-

plied to the present study. These will be described in a later section.

The relationships between pressure, Reynolds Number, friction factor, and velocity

as a function of distance are important to the apparatus design and the analysis

of the experimental data. These relationships are discussed in the next section.

f3'7
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Discussion of Fluid Mechanics

For a fast-flow tube being operated at a pressure of a few torr to reduce the

reaction rate, the Reynold's Number (Dvp/u) is usually less than 100, indicating

that the flow is laminar. The friction factor, f, for laminar pipe flow is given

by the expression:

f = 16/Re (11-5)

The effect of wall drag on compressible gas flow conditions in a tube can be ob-

tained from Shapiro (Ref. 25, ). An equation relating Mach Number, M, to the

friction factor, tube diameter and length, and Lmax from the point of measurement

to the point where M = 1 (the sonic choke point) is:

L _M2 2_ _____
Of max 1-M2  (Y + l)M 2

D YM2  2y 2 (1 + Y1 
IM2)

for insentropic flow. This equation has been found to fit experimental v, p data

rather well. The axial velocity as a function of distance to the sonic choke

point, Lmax, computed for the fast-flow reactor for a typical mass flowrate using

Eq. 111-6, is shown in Fig. 193 together with the measured velocities at three

points along the tube. The near exact agreement between the computed curve and

the three data points is due to a minor adjustment (5 percent) in the gas vis-

I cosity. Once this adjustment has been determined, Eq. III-S and 111-6 can be used
to relate v and p to the distance x for use ia numerical solutions of the appro-

priate rate equations for a more accurate determination of k. Differences in v

versus Lmax predicted by Eq. 111-6 and the following expression:

4f max 1 - - + Zn (yM2) (111-7)>2
yM rS yM

for isothermal flow, are insignificant in the low Mach Number region of interest

in this study.
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According to Eq. 111-4, it is desirable to use a high gas velocity when measuring

a large rate constant since this serves to increase the distance, Ax, needed to

produce a specified change in reactant concentration. There are constraints,

however, on the gas velocity that can be used. From Fig. 193 it is clear that,

for a total flowrat of 10,320 cc/min stp, the axial velocity gradients become
very steep in a 22-mm ID tube at a Mach Nmber of 0.2. Small errors in Am or in

the pressure measurements could lead to large errors in k. An increase in flow

tube diameter would lead to a lower velocity gradient, but the EPR cavity can ac-

pcommodate only a 25-mm OD tube. An increase in total pressure in the fast flow

tube would increase the Reynolds number, decrease f and, hence, also reduce the

axial velocity gradient. Increased pressure, however, would broaden the EPR lines

for F and result in a reduction in the sensitivity of F concentration measurements.

Another constraint on the velocity used in a fast-flow reactor is a consequence

of the laminar flow condition. Laminar flow in a round tube produces a parabolic

velocity profile given by the equation:

I2
v r2  (111-8)_v

V0  ro

where vo is the velocity at the center of a tube of radius ro and v is the veloc-

ity at a distance r from the center. The average velocity of the gas is equal

to v/2.

A rigorous description of the fast-flow reactor will be developed after the

theoretical considerations involved in the measurement of F-atom concentrations

in the EPR spectrometer are discussed.

EPR Measurements

The EPR spectrometer measures the average of the reactant concentration over a

finite length of the flow tube. Exactly how this average is taken over the length

of flow tube monitored by the EPR cavity is determined by the coupling of the
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cavity signal distribution function, s(x), and a function relating the change of

reactant concentration to the axial distance along the flow tube, g[A]. The EPR

response, S(x), resulting from this coupling is given by the expression:

0
S(x) cc f g[A]s(x)dx (111-9)

which links S(x) to a distance x taken between any axial point within the EPR

cavity (from xo -Z to xo +k) to the point in the flow tube where the reaction was

initiated. The function g(A] can be determined from the rate equations written

for the fast-flow reactor.

For the simple case of a first-order reaction and a velocity which is independent

of x, the rate constant can be determined from the slope of a plot of the natural

log of the EPR signal of the monitored reactant versus the relative distance of

the point at which the reaction was initiated. This can be shown as follows:

The cavity signal distribution function fitted to the experimental data is:

S(x) = cos 2  o + B sn 2  (III-10)

and the reactant concentration function for a first-order reaction is:

g[A] Coekx/ (I-11)

r ,Substituting Eq. III-10 and 111-11 into Eq. 111-9 yields the following expression

for the EPR response:

S(x) Coe- cos (Xo-X + B sin2  (Xo -x dx (111-12)
1!Xo-L

f-k-8

383



_' 1 '6' -Mum,

Letting x-xo = y, so that dx = dy and the limits xo + Land xo - I become Z and

-, the following expression results: J,

I -k' 1. -k1y
e (cos2 7r+ B sin 2 7r) dy (111-13)

-k'/vxThe term e o has been removed from the integral sign since it is not a func-

tion of y but is fixed for a particular measurement. As the distance xo is

I varied by moving the injector probe in the fast-flow reactor, the integral will

Rremain constant. Thus, the slope of a plot of Zn S(x) versus xo will yield k'/v.

When v varies with x, e-k'xo/v cannot be removed from the integral and the evalua-

tion of k' requires knowledge of the signal distribution f~nction and a numerical

integration of Eq. 111-9. This integration was carried out to obtain the global

rate constants reported from this study. The determination of the signal distri-

bution function is described in the experimental section.

Rigorous Description of Fast-Flow Reactor

It is apparent from Fig. III-1 that the assumption of constant velocity employed

in the derivation of Equation 111-4 is not valid and a more rigorous mathematical

approach must be employed if accurate rate constants are to be obtained from the

experimental results. In addition, axial and radial concentration gradients must

be considered as well as tht. EPR cavity signal distribution function.

The general equation and boundary conditions which rigorously describe the con-

centration of the ith species in the fast-flow reactor are:

a2Ci + 2. I a.'i  2 C
+ - - r-k - Ci Cj 0=0 (111-14)

a x2  ar ar r

pg.
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- i - l -kwCi at r ro (at the wall)( -)
Boundary Conditions

ac.
.. i 0 at r 0

Other equations are required to describe the change in velocity and pressure with

axial distance x before Eq. 111-14 can be solved. These remaining expressions

are the continuity equation:

( = 0 (111-17)

and the Poiseuille flow equation:

i_ 2 -2P 16 pR T N L (I-8

P2 p1  (111-18)
1 41

where L is the distance between points 1 and 2, N is the total molar flowrate,

and R is the gas constant.

Computer programs have been developed to solve the rigorous Eq. 111-14 through

111-18 for the fast-flow reactor. These computer programs additionally take

into account the EPR cavity signal distribution function to determine the point

along the cavity axis where the reactant concentration matches the concentration

measured by the EPR spectrometer. A brief description of the numerical proce-

dures used in these computer programs is given in Appendix C.

The numerical solution of the complete set of equations describing the chemical

reaction in the fast-flow reactor can be substantially simplified if the arcial

diffusion term,k(;2Cl/aX2), in Eq. 111-14 can be neglected. Ordinarily, axial

diffusion is quite small when compared with the bulk flow in the axial direction.

However, at low pressures where 6is large and near the tube wall where the

velocity is small, the axial diffusion may not be negligible. To check out the
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possible importance of axial diffusion, numerical solutions were obtained 'U
(Appendix III-A) for Eq. 111-14 with and without the axial diffusion term and a

comparison of species mole fraction profiles was made for one typical case in-

volving the reaction H2 + F--HF + H. Computed radial profiles for the mole
fraction of H and F at a distance of 25 cm from the mixing point are presented

in Table XLI. The few percent discrepancy in mole fraction values obtained

from the solutions with and without axial diffusion (the first two sets of col-
umns) is, in part, attributable to a difference in the reactart molar flux rates

at the mixing point. Both solutions were obtainod using the same initial values

of species volumetric flowrates, Avfi, in the axial direction, whereas the solu-

tions should have been obtained using identical initial values of the species

volumetric flux rate; for the nonaxial diffusion case, this flux is Avfi, while,
for the axial diffusion case, it is A(vf i -Ofi/ax). The solution of the non-

axial diffusion case was determined using appropriately altered species feed rates

(based on the solution of the axial diffusion case to determine,&(Cfi/;x) at the I
mixing point). Radial profiles from this latter solution, presented in the third I
set of columns in Table XLI, are in better agreement with those given for the

problem with axial diffusion. From the results presented in Table XLI, it

would appear that for these fast-flow experiments the axial diffusion term in

Eq. 111-14 can be neglected.

EXPERIMENTAL

Apparatus

4A_
The fast-flow apparatus used to determine the reaction rate of F-atoms with vari-

ous gases consists of a quartz flow tube in Which the reaction takes place, an

EPR spectrometer to monitor the concentration of the reactants, an injector sy-

tem to introduce one of the veactants into the flow tube, a microwave discharge,

a flow control system, and two vacuum pumps. A schematic of 3 apparatus is

shown in Fig. 194. (Design considirations for the flow tubc were presented in

the Theoretical Analysis discussion.) The apparatus is similar in design to that

employed by Westenberg and deHaas (Ref. 26).
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The portion of the fast-flow reactor where measurements are taken was constructed

of 22-mm ID quartz tabing that had been was).ed in an HP solution. Pressure taps

were placed at three points along the length of the flow tube: directly in front

of the EPR cavity, and at distances of 25.5 and 85.5 cm upstream from this tap.

Under experimental conditions, the flow will produce a sonic choke at the point

where the 22-mm ID quartz tube enters a 4-inch-diameter vacuum line. The flowrate

and pressure at any point upstream from the sonic choke can be computed from a

known feed rate to the tube or from a measurement of the pressure at any of the

three locations down the flow tube. Pressure measurements were made to the

nearest 0.001 torr with an MKS Baratron pressure meter. The reference vacuum for N

the Baratron was maintained with a Varian vac-ion pump.

Fluorine atoms for the kineti. study were produced by passing a mixture of helium 4

and either F2 or CF4 through a microwave discharge formed in an alumina tube.

The F-atom stream enters the main flow tube through a side arm located about -

100 cm upstream from the center of the FPR cavity, A mixture of the second re-

actant with helium is passed through an injector tube and enters the flow tube 'Z

via a number of small holes at the tip of the 4-mm OD injector tube. The holes

at the injector tip are set so as to direct the reactant flow radially into the N

flow tube, i.e., perpendicular to the flow of helium/P-atom stream, for rapid

mixing. Three legs affixed to the injector serve to position the injector tube

tip at the center of the flow tube. The injector tube enters the flow tube

through a pressure tight packing gland which permits axial movement of the in-

jector. By manual positioning of the injector tip along the flow tube, the

distance (and, hence reaction time) from the initiation of the chemical reaction

to the EPR cavity can be varied.

All of the gases used were metered with Browne flowmeters. With the exception

of F2 , all flowmeters were calibrated with the gas itself. For F2 , the calibra- ii
tion was determined using 02 and the flowrate was corrected for density and

viscosity differences between 02 and F2. Before entering the flowmeter, the gas

was passed through a bed of Na. to remove HF. In spite of this precaution, the

glass flowmeter would undergo a slow chemical attack and require frequent
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cleaning and recalibration. After the response of the EPR spectrometer to the

F line at 5211 gauss was established, the F-atom concentration could be easily

measured by the peak-to-peak amplitude of the strong EPR line, and the flowmeter

was used less frequently.

A Carle valve located on the gas flow control panel can be positioned to send

either helium or the reactant into either the injectortube or a "bypass" line

which enters the fast flow system downstream of the EPR cavity. The valve pro-

vides a convenient way of stopping the chemical reaction periodically during an

experiment to check the F concentration without altering the flowrate of the

other reactant. The helium flow substituted for the reactant when the Carle

valve is switched, serves to maintain a constant pressure in the flow tube. A

The mass flowrates employed in this study were easily handled by a Roots blower

and a Kinney KDH-130 high vacuum pump connected in series. The pressure within

the 4-inch OD vacuum line was typically less than 0.01 torr at about 20 cm down-
stream of the choke point.

The EPR detection system was a standard Varian E-9 EPR spectrometer, equipped

with a 9-inch magnet and a wide access TE01N cavity. The cavity is able to ac-

commodate a tube of 25-mm OD. The best cavity Q-factor was obtained when the

microwave frequency was about 8.846 Gflz. This corresponds to a value of N Z

for the EPR cavity. The magnetic field range that could be studied was 0 to

9.6 KG. At 5 KG, the resolution over the sample volume was about 0.25 G.

EPR Spectra of Fluorine Atoms

The EPR spectrum of fluorine in the 2P3/2 ground state exhibits an extremely large

hyperfine interaction. As a result, the usual high field approximation for calcu-

lation of the EPR spectrum is not valid, and it is not possible to separate the

wave functions which describe the electron spin and orbital angular momentum from

the nuclear spin. Experimental and theoretical analyses (Ref. 27, 28, and

390

-• - ---- - - - -o -= -2 _- - .2... .... - - - ... ... - ..- = .



29) show that the ground state exhibits six intense lines and two weak lines.
The weak lines are due to forbidden transitions. Of the six intense lines, two ,1

have about 30 percent greater intensity than the other four. One of the two more

intense lines occurs near the spectrum of oxygen atoms while the line that occurs

at the higher field is away from any common interference. The higher-field line

was therefore chosen for use in the kinetic measurements of fluorine. This line

corresponds to the transition F = 2, mf = 0 to F = 2, mf = -1, and occurs at a

magnetic field of 5211 gauss at the frequency used in these experiments, 8.846 GHz.

The location of any of the F lines can be calculated for any frequency from the

relationships given by Valence et al. (Ref. 29).

The particular line chosen is less sensitive to pressure broadening than any of

the other F lines. When kinetic measurements were made, the small variation in

line width over the small variation in pressure which was incurred in each run

was found to be insignificant. In these experiments, sensitivity is considerably
more important than resolution. As a result, the fluorine line was overmodulated

under conditions of slight rf power saturation so that the maximum signal-to-noise

ratio could be obtained. Since the line width increases rapidly with modulation

amplitude at the point where the maximum signal intensity is obtained, it was ad-

visable to sacrifice about 10 percent of the maximum signal to decrease the line

width by nearly a factor of 2. This permits examination of the line shape to see

whether any gross effect occurs. When the flow tube was operated at 2.2 torr,

the modulation amplitude and incident microwave power were 2.0 gauss and 30 niW;

at 1.15 torr the values were 1.6 gauss and 25 mW.

Titration and Calibration of the EPR Spectrometer

for Atomic Fluorine Flow

Gas titration experiments in the fast flow reactor were conducted by withdrawing

the injector tube until the tip was even with the feed line through which F

4 1entered the flow tube. This position allowed the maximum reaction time for the

gases before reaching the EPR cavity. The F2 or CF4 volumetric flowrate to the

microwave discharge would be adjusted to some arbitrary value and the peak-to-peak
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height of the EPR signal of F measured. As the EPR spectrometer monitored

the F concentration, metered amounts of the titrating gas, H2 or HBr, were fed

into the fast-flow reactor via the injector tube. The reaction was fast enough

so that it could be considered essentially completed when the gases passed

through the zone monitored by the EPR spectrometer.

The results of a typical titration of F by H2 are plotted in Fig. 195. The

measured concentration of F-atoms decreased linearly with H2 flowrate except very

near 1%a end point of the titration. If any appreciable amount of F2 did not

dissociate, the F2-H2 chain reaction

LII 4

F + H2 =HF + 1 (111-19)

H + F2 = HF + F (111-20)

if-, + F2 =2HF (111-21)

could occur, resulting in consumption of H2 without a decrease in F-atom conren-

tration. If the rate of reaction 111-20 is sufficiently fast and 20 percent of

the F2 did not dissociate, the broken linear titration curve in Fig. 195, which

has a sharp byaak at 2 cc/min of H2, would have been obtained. If reartions

111-19 and II1-20 have rate constants of 1 x 1013 and 2 x 1012 (mole/cc)-1 sec-1 ,

respectively, i: can be calculated that the smooth broken curve would have been

obtained if 20 percent of F2 were not dissociated.

The experimental curve in Fig. 195 intersects the y axis at 1.00 indicating

that essentially complete dissociation of F2 occurred in the microwave discharge.
With CF4 , however, on the order of only 10 to 20 percent was dissociated (to F +

CF ) under these conditions. Extrapolation of the linear portion of the experi-

mantal curve to the x axis gives the flowrate of F + F2 (in this case, 16 cc/min)

and from this, the pTwessure, and the total flowrate, the F-atom concentration

can be calculated. Extrpolation of the linear portion of the curve to the y axis

gives the fraction F2 ui-dissociated from the intercept, I, as follows:

14

2(1- 1)Fraction Undissoclated (11+21 I [I-22)
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Since the EPR line width and, therefore, the peak-to-peak amplitude, is a func-

tion of the pressure, the standardization and calibration of the EPR signal had

to be repeated for each total pressure at which the fast-flow reactor was oper-

ated. During each kinetic experiment, the pressure distribution in the reactor

was constant to within ±1 percent so that the EPR signal intensity did not de-

viate by more than ±2 percent from the calibration factor. Other errors, such

as resetting the EPR power, crystal bias, and modulation amplitude also contri-

bute at least that much error.

Wall Reactions

Several experiments were conducted to determine the amount of wall recombination

of atomic fluorine occurring in the fast-flow reactor. Experiments were per-

formed using both F2 and CF4 as sources of F. During these experiments, the flow
. through the injector tube was turned off. One measurement of F concentration was

taken with the injector tube drawn back so that the F would contact only the
inside wall of the 22-mm ID quartz flow tube; another F measurement was taken with

the injector tube pushed in up to the EPR cavity. Any change in the atomic fluorine

EPR line after insertion of the injector tube would be attributed to the addi-

tional wall area in contact with F (the fractional increase in wall surface was

given by the ratio of the diameters of the injector tube and the flow tube, or

4/22). When F2 was used as a source of F, no change in concentration was de-

tected upon injector insertion. Use of CF4 as a source of F produced a small but

reproducible change in F concentration. The CF3 appears to have an affect on the

rate of wall recombination.

At a later date, when the fast-flow apparatus was disassembled for repair, re-

washing the flow tube with a dilute HF solution revealed a thin film of Teflon-

like material that had been deposited on the flow tube. This film was undoubtedly

produced by the species resulting when CF4 passed through the microwave discharge

and the film formation could account for the small disappearance of F by wall

reaction when CF4 v:as used.
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ill! The EPR measures the number of unpaired electrons over a finite distance along

i! the cavity axis. As shown in the theoretical section, the distribution of the

signal density within this sampling zone is needed to determine kinetic rate

parameters in a fast-flow system.

: Axial dependence of the signal density was measured by placing a sample of

(ii diphenyl picryl hydrazyl (DPPH), smaller than 0.5 mm in its longest dimension,

, ii in a capillary and recording the intensity of the DPPH transition line as a

function of the position of the capillary tube. The capillary was moved alongI!the cavity axis by attaching it to the movable jaw of a vernier caliper. Signal

amplitudes were repeatable to within +0.5 mm. A least-squares regression was

carried out on the data so that it fit a function of the form of Eq. III-10 where

x is the position along the axis of the cavity and xo is the position of maximum A

sensitivity on that axis. B and I may be considered as empirical parameters for
il the purpose of this discussion. Of these, only Z has any real significance since

t represents one-half of the effective length of the cavity. Values of Z were
isystematically varied and best values of B were determined. The set of values of

B and Z which gave the minimum least-squares deviation from the experimental

values was selected. The best values were -0.192 for B and 3.60 cm for Z.

It was assumed that the signal density at a given radiLus from the axis is propor-

itional to the signal density along the axis. This assumption is probably validS

over most of the volume of the flow tube within the cavity, but near the values

of x close to +3.6 or -3.6 cm, the signal density is probably smaller than would

be predicted from Eq. III-10.

Experimental Procedure

The experimental procedure consisted first of establishing the desired flow con-

ditions (pressure, velocity, reactant concentration) in the fast-flow reactor, |

turning on the microwave discharge, and tuning and setting the EPR spectrometer
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to monitor the appropriate transition of F. With the Carle valve positioned so

that the gas to be reacted with F enters downstream of the EPR cavity, the EPR ()
spectrometer was used to monitor the F concentration so that the F2 or CF4 feed

rate could be adjusted to the desired level. To simplify the data analysis, the

ratio of fuel to F was usually kept at, or above, 5 to 1. When the reactant con-

centrations were properly set, the Carle valve was switched to initiate the chem-

ical reaction at the tip of the injector tube. The injector tube was then posi-

tioned at various distances from the EPR cavity, and at each position the F con-

centration was determined from the peak-to-peak amplitude of the 5211 gauss EPR
line. After several concentration-distance measurements, the Carle valve would

be switched and the initial F concentration would be measured to ascertain

whether any drift in F concentration had occurred. The data recorded during a

typical experiment included the initial reactant flowrates, the pressure at the

EPR cavity, and the injector position and F concentration. The ratio of (a) the

EPR signal measured with reacting gas to (b) the EPR signal measured in the ab-
sence of reacting gas, determined as a function of the injector distance, was

used to ascertain the reaction rate constant.

RESULTS AND DISCUSSION ()

Reaction rate data were obtained with the fast-flow EPR system for the following

reactions:

F + H2 -- HF + H (111-23)

F + HBr--HF + Br (111-24)

P + CF H---HF .i CF3  (111-25)

F + CH4 -- HF + CH3  (111-26)

F + C3Hc--HF + C3H7  (111-27)

V + HI-i-HF + I (III-28)

The computer program written for the case in which axial diffusion was disre-
garded was used to generate several curves (each representing a different reaction

(9)
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rate constant) on a plot of Xn ([F]/[F] o) versus AX. The best value of k was

, chosen by matching the slopes of the computed curves to the experimental data.

Diffusion coefficients for reactants in helium were estimated using various pro-

cedures outlined by Reed and Sherwood (Ref. 30) or Sherwood and Pigfcrd

(Ref. 31) whenever they could not be obtained from the literature. The dif-
fusion coefficients used in solving Eq. 111-14 through 111-18 for the chen-vCal
reactions (Eq. 111-23 through 111-27) are given in Table XLII.

TABLE XLII. DIFFUSION COEFFICIENTS OF REACTANT IN HELIUM

Rectnt__at 1 arm LI
Reactant cm2/sec Source

F 1.45 Estimated (Ref. 31)

H2  1.62 ExperimentHBr 0.652 Estimated (Ref. 30)

CF3H 0.612 Estimated (Ref. 30)!

CH4  0.675 Experiment

C3H8  0.485 Estimated (Ref. 30)

Reaction of F with H2

The experimental results obtained for the F + H2 system are summarized in

Table XLIII. A plot of a typical experiment is shown in Fig. 196. The reac-

tion rate constants listed in the column labeled Eq. 111-4 were determined using

Eq. 111-4, i.e., plotting Zn([F]/[Fo]) versus Ax with the assumption that the

quantity Zn([H 2]o/[H2]) was zero and that the concentration of F measured in the

EPR cavity corresponded to the actual F concentration at a point in the cavity

that was independent of the axial position of the injector tube tip (this was

shown to be true for a first-order reaction with a constant average axial

velocity, Eq. 111-13).

constants obtained using the numerical solution to Eq. 111-14 through 111-18.

This solution takes into account radial diffusion and the radial velocity gradient
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but ignores the axial diffusion term in Eq. 111-14. A comparison between the

reaction rate constants acquired via Eq. III-4 and the more sophisticated analysis

embodied in the application of Eq. 111-14 -L.ough 111-18 reveals only minor dif-

ferences of at most 10 or 15 percent. The near agreement of the values is attri-

!' buted to the large diffusion coefficients of H2 and F which tend to flatten the

radial concentration profiles that might otherwise result from the parabolic

if radial velocity distribution. An examination of the computer printout also re-

-vealed that the point in the EPR cavity at which the F concentration was, in

effect, being measured, was nearly independent of the distance between the cav'.ty

and the initial mixing point.

M i The average rate constant for the eight F + H2 experiments is 1.0 x 1013 cc/mole/

sec. This compares favorably with several previous measurements of this rate V

constant (see Table III of Ref. 32 for a su,inary. The first rate measure- Jt!

ment was reported by Fettis, Knox, and Trotman-Dickenson in 1960 (Ref. 33).

Their reported rate constant at 300 K was 5 x 1012 (later revised to 1.1 x 1014,

~f Ref. 34). Honiann, Qt al. (Ref. 35) and Dodonov, et al. CRef, 36)

used flow systems and mass spectrometric analysis to mea3ure the rate of this

reaction. Homann, et al., determined a rate constant at 300 K of 1.0 x 1013 in

agreement with the rates obtained on this program. They used flowrates of only

1700 cm/sec, but worked at very low reactant concentration to spread the reaction

zone sufficiently. Dodonov, et al., also measured the rate of this reaction

using a mass spectrometer technique. They obtained a rate constant at 300 K of

2 x 1013 and state that the mass spectrometer was sensitive to about 1010 to 1011

particles per cm3. Their flow velocity was only 560 cm/sec and the F-atom con-

centration was 0.001 torr. Dodonov, et al., apparently followed the H2 concentra-

tion as a function of distance. From their data, the half-distance for H2 dis-

appearance was only 6 mm (a factor of 10 less than the reaction distance achieved

in our studies), suggesting that the method was not accurate. From their method of

calculating the rate constant, Dodonov, et al., must have used pseudo first-order

conditions with F-atoms in excess.

The use of mass spectrometric analysis in a fast-flow reactor has the serious

disadvantage that the sample must be taken either from the boundary layer or

j
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from a point where the flow is diverted, giving an uncertainty in the calculated
residence time. The fast-flow EPR rystems have the advantage that reactants

continue to flow at high velocity th.ough the measurement cavity.

More than one-half of the HF formed in the F + 12 reaction is in the second vi- H
brational level. The following distributions of vibrational energy" have been

reported:

NP_(32,% HF(2),% HF(l),% HF(0),%
Jonathan, et al. (Ref. 371 28 55 17 C,

Chang and Se:-.5er (Ref. 38) 28 55 17

Berry (Ref. 39) 32 50 15 3

Reaction of F with HBr

The data and results determined for the reaction of F with HBr are summarized in
Table XLIV. Rate constants determined using Eq. 111-4 and the simplified com-

puter program for Eq. 111-14 through 111-18 are appropriately labled and listed

under the Rate Consiant heading. In contradistinction to the F + H2 reaction,

there is a noticc-ble increase in the value of the rate constant for F + HBr

determined using the numerical solution of Eq. 111-14 through 111-18 over that

found via Eq. 11I-4. The increases range from 10 to nearly 50 percent. This is

undoubtedly caused by the lower diffusion coefficient of HBr which, in turn, re-

suits in arger radial concentration gradients. As with the F + H2 reaction, the
point within the EPR cavity at which, in effect, the measurement of F concentra-
tion is made, varied negligibly as the position of the initial mixing point was

changed.

f Initial studies of the F + HBr reaction revealed that at longer reaction times

(large Ax) the F concentration declined much faster than would be expected for a
simple chemical reaction. As shown in Fig. 197, the data could have been cor-

related by two different lines suggesting that more than one reaction was occur-

ring. The rate constants given in Table XLIV were determined using the slope
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Figure 197. Experimental Data, F +HBr +HF + Br
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representative of the data points taken at lower Ax. At the time these data were

taken, the HBr supply was suspected of being contaminated with water (which would

aid the decomposition of HBr in the presence of metal). After the first two ex-

periments listed in Table XLIV were conducted, the HBr cylinder was routinely

chilled in solid CO2 and then vented to remove any H2 that might have accumulated

from HBr decomposition between experiments.

The existence of side reactions that could account for the type of experimental

data correlation shown in Fig. 197' was checked out by using a sample of HBr puri-

fied by redistillation from several cold traps in a titration experiment with F.

The F was found to disappear in a one-to-one relationship to the amount of HBr

fed to the fast-flow reactor; there was no evidence of side reactions involving F.

The same batch of purified Hbf was used to conduct thie last two experiments listed

in Table XLIV. Data taken near the end of the second of these two experiments

did not correlate well with previous data. An air leak into the fast-flow sys-

tem, found after the experiments were concluded, could have been responsible.

The average of the 10 experimental values given in Table XLIV- is 2.6 x 1013

(mole/cq)-l cm-1. However, three of the rate constants are substantially higher

than the rest, two determined at a lower pressure than the others, and one de-

Ztermined using purified HBr. It is difficult to choose which group of values is

nearer the true rate constant but based on the fact that one of the three higher

values was obtained using purified HBr, it appears reasonable to favor the higher

value of 3.1 x 1013 (mole/cc)-l sec-1 . However, because the cause of the dis-

crepancy is not known, a rate constant of 2.4 to 3.1 x 1013 will be reported.

Jonathan, et al. (Ref. 37) studied the F+ HBr reaction by an infrared chemi-

luminescent technique and determined that the vibrational energy is distributed

in the product HF as follows: HF(4), 20%; HF(3), 27%; HF(2) 29%; HF(l), 18% and

HF (0), 6%. They also estimated from their results that the global rate constant t
for the F + HBr reaction is 0.87 times that for the F + CH4 reaction. The rate

measured in this study (next section) for the F + CH4 reaction was 3.2 x 1013.

Applying the factor of 0.87 would give a value of 2.7 x 1013 for the expected

rate of the F + HBr reaction in good agreement with the rates listed in

Table XLIV.
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Reaction of F with CF3H and CH4

Phase II small-scale laser tests indicated CF3H was one of several reactants

studied that did not produce lasing. The reaction rate of CF3H with F was in-

vestigated in the fast-flow-EPR system to provide a verification of the suspected

low pumping rate. For comparison with the rate of hydrogen extraction from CF3H,

a single experiment was performed on the reaction F + CH4.

The results of the reaction rate study of CF3H are listed in Table XLV. Rate

constants determined using Eq. 111-14 through 111-18 are considered to be the

best values for the reaction F + CF3H. The average is 1.0 x 10l.

It is curious that for this reaction, the rate constant determined using the more

exact method of data analysis is less than the values measured using Eq. 111-4 while,

for most of the other reactions studies, the opposite is true.

TABLE XLV. RATE DATA FOR F + CF3HH---H + CF3 AT 298 K

Rate Constant x 10-11

Fluorine Pressure, Velocity,* (mole/cc)-1 sec-1

Source torr (CF3H/F) cm/sec Eq 111-4 Eq 111-14 through 111-18

F2  1.17 10.5 11,400 1.41 0.9

F2  1.16 >40 11,420 1.16 0.9,(

F2  0.74 >40 8,540 1.21 1.1

*Average velocity measured at the pressure tap closest to the
EPR cavity.

hThe rate of the reaction F + CH4 was investigated for comparison with the reac-

tion of F with CF3H. The numerical solution of Eq. 111-14 through 111-18 yielded

a value of 3.2 x 1013 (mble/cc)-lsec-1 . Using Eq. 111-4, the reaction rate was

estimated to be 2.6 x 1013 (mole/cc)-Isec-. The reaction F + CH4 is about 350

times faster than the F + CF3H reaction. About a factor of 10 of this difference
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might be expected from steric considerations. If the other factor of 35 results

from a difference in activation energy, the activation energy of the F + CF3H

reaction would have to be larger by about 2.1 kcal/mole.
I

Two studies (Ref. 37 and 38 have established that the energy distribu-

tion in the F + CH4 reactions is HF(3), 14%; HF(2), 64%; and HF(l), 22%, assuming

no HF(0) is formed. Johnathan, et al, (Ref. 37 ) reported that the F + CH4
global rate is faster by a factor of 1.35 than that of the F + H2 reaction. In

this study, the reaction with CH4 was found to be faster than the reaction with

H2 by a factor of 3. A rate constant of 3 x 1014 exp(-1150/RT) has been reported

for F + CH4 (Ref. 40). At 298 K, this gives a rate constant )f 4.3 x 1013

only slightly larger than the value of 3.2 x 1013 reported here. However, this

literature value is reported per H atom in CH4 making the reported rate more than

5 times faster than the rate measured in the EPR reactor. Thus, the rates re-

ported in the literature for the F + CH4 reaction vary by an order-of-magnitude

but bracket the raze measured in this study.

Reaction of F with C3HS

The T~te of the reaction F + C3H8 was investigated using instrument grade propane.

The fluorine atoms were produced from molecular fluorine by microwave discharge.

A sumary of the experimental conditions and the value of the global rate con-

stants calculated using Eq. 111-4 and the simplified numerical solution to

Eq. 111-14 through 111-18 are given in Table XLVI. The first three experiments

listed in Table XLVI were conducted at too high a concentration of CH 8 . As a

result, the reactions were too fast to be measured with accuracy, i.e., the con-

]: centration of F dropped quite rapidly with small changes in the injector probe

position. Two of these experiments could not be reasonably fitted with a single

rate constant and, hence, no value is given for them in Table XLVI The value

of 5 x 1013 (mole/cc)-Isec-1, obtained in the fourth and fifth experiments listed

in Table XLVI is considered t6 be the best value of the rate constant for the
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i

reaction F + C3H8-*,-HF + C3H7 obtained from these fast-flow experiments. This

VI rate constant can be compared with the values 2.2 x 1013 to 5.2 x 1013 (mole/

cc)'Isec -l for the abstraction of a primary hydrogen and 0.82 x 1013 to 2.0 x

1013(mole/cc)'lsec-I for the abstraction of the secondary hydrogen obtained by

Fettis, Knox, and Trotman-Dickenson (Ref. 33 and 34).

Side reactions between F and the C3H7 radical are possible and undoubtedly occur.

The importance of these reactions is minimized by keeping the initial C3H8/F

ratio high (as in these experiments) so that the ratio C3H8/C3H7 will always be

large.

Reaction of F with HI

it was found that the 5220 G fluorine line was overlapped by a strong iodine line.

Because of this problem, another F line at 5311 G was calibrated using the 5220 G

line. While not as strong a line, the 5311 G line at 8.860 GHz proved to be

satisfactory for the rate measurement. About a five-fold excess of HI was em-

ployed so that the reaction would again approximate a first-order process.

Figure 198 contains the experimental data plotted as the log of the fraction of
I_ i remaining F versus distance from the point of reactant mixing to the EPR cavity.

Plotted on the same figure are the theoretical lines computed for three different

valesofthe rate constant. The experimental data yielded a curve which changes

in slope with Ax in a way that is not predicted by the theoretical lines. The

difference may be caused by mixing effects at the injector tip or perhaps by some

side reaction with F. The best value for the rate constant of the F + HI reaction
13 - 1-

is about 1.7 x 10 (mole/cc)'l sec .

Jonathan et al. (Ref. 37) determined the following product" distribution for

the very exothermic F + HI reaction: HF(6), 14%; HF(S), 22%; HF(4), 17%; HF(3),

14%; HF(2), 13%; HF(l), 11% and HF(0), 9%. They estimated that the global rate

constant for the F + HI reactions is larger by 20 percent than that for the

F + CH4 reaction. In this study, the HI global rate was found to be smaller than

the CH4 rate by about a factor of 2, O
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The global rate constants measured in this study in the EPR fast-flow reactor at

room temperature are summarized in Table XLVII.

TABLE XLVII. SUMMARY OF MEASURED GLOBAL RATE CONSTANTS (298 K)

Global
Rate Constant,

Reacion mol/cc)-l ec~1  ~ A-, 298 K,
Reaction_(mole/cc)_se Kcal/mole

F+ HF +H 1.0 x 101 -31,1
2

F + HBr =HF + Br 2.4-3.1 x 1013 -48.6

F + CF H =HF +CF3  1.0 x 10l1

CH=HF +CH3  3.2 x 103  -31.3

FCH 8 =HF+H S10 13

F+HI HW+ 1 1.7 x1013  -64.8

410



NOMENCLATURE

A = area, in. or cm2

j ae = nozzle exit flow speed of sound, cm/sec

A. = coefficient for i-1 step

Ak  = matrix of coefficients

[A] = concentration of A
(A] =initial concentration of A
B = empirical constant in the cavity signal distribution function

[B] concentration of B

B. = coefficient for ith step

C. - coefficient for i + 1 step

C. =concentration of specie i (moles/vol)
C'actC*nom = measured characteristic velocity, PcAt/ total, ft/sec

C theo = theoretical characteristic velocity, ft/sec

D = diameter, in. or cm

= diffusion coefficient

EPR = electron paramagnetic resonance

f -friction factor

F = quantum number, the magnitude of the resultant angular momentumT
vector

kmole fraction of species k at point i, j
fk = mole fraction of species k

g = throat gap, cm

g[A] = reactant concentration as a function of axial distance along
the flow tube

He, percent mass percent of helium flow, *He/*total

AHdel = enthalph change in heating one mole diluent

AH fuel = heat of combustion half-reaction, B-12, per mole F-atom combusted

Ali overall heat of combustion per mole F combusted

AHox - enthalpy change when oxidizer dissociates to form one mole F atom

i, j, k = used as subscripts or superscripts to denote species or location
in axial and radial direction

k, k' = kinetic rate constant

K - equilibrium constant in pressure unitsf P
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Sk ,= reaction rate constant for wall reactions

k = 1/2 of the effective length of the ERP cavity

L = length, in. or cm

Smax = distance from the sonic choke point, in. or cm 11
m = number of increments in the radial direction

mf = sum of the spin orbital angular momentum and the nuclear angular
momentum

M = Mach number, the ratio of the gas velocity to the velocity of
sound

MR mixture ratio, 'oxid/"fuel

M = nozzle exit flow Mach numbere

MW = molecular weight, gm/mole

N = number of nozzles (in Phase 2)
fuelnprel  = total moles products formed when one mole of F atoms is combustedprod

with fuel

n= fuel stoichiometric factor in Eq. 1-18
n = oxidizer stoichiometric factor in Eq. 1-18
nc = total moles products formed in overall combustion reaction

(Eq. 1-18) per mole F combusted

N = total molar flowrate
!i.2

p = pressure, lb/in.

Pi = partial pressure of species i

.2P = total pressure, lb/in.; t,O

PL = cavity pressure, torr

Q = measured heat loss = CC AT %)
p coolant' calories/sec

E r = radius, in. or cm

r= tube radius, in. or cm

R = gas constant, Btu/lb-K
. moles F2

Rc moles F2 in combustor

moles H2
moesH in cavity

RL moles of F2 available for lasing

-:R V'c

R moles F combusted per mole P atom burned
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R= moles diluent in products per mole F atom formed

Re = Reynolds number (Dvp/p)

s(x) = EPR signal distribution function

S(X) = EPR signal

t :time, se t

T = temperature,
i) TO  total temperature, K

v = velocity, cm/sec

v°  = velocity at the center of the fast-flow reactor, cm/sec

flowrate of component x, lb/sec or gm/sec

x, x =axial distance, cm or in.

x= distance from the injector probe tip to the center of the EPR
ocavity, cm or in.

Y= nozzle exit half width, cm

YNS = nozzle separation thickness, cm

GREEK LETTERS

a moles F in combustor
moles F+2 moles F2

y = ratio of specific heat at constant pressure to specific heat at A
constant volume

= viscosity

p = density, lb/ft3

_ moles DF +.uoles.He
ff *c moles of F2 available for lasing in combustor

moles DF + moles He
=Lmoles of F2 available for lasing in cavity(2
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APPENDIX A

ROCKETDYNE THERMOCHEMICAL COMPUTER CODE

A series of thermochemical programs has been developed at Rocketdyne for solving

propulsion problems. The basic thermochemical computer program calculates the

equilibrium composition at a given pressure and either an assigned temperature

or enthalpy. The heart of this program is an efficient method of solving for Z
equilibrium conditions by minimization of the free energy of all possible products.

The program is completely general in terms of handling any combination of elements

(up to 15 in any given calculation), up to 180 chemical products, and a large

variety of multiple-case options. Thermodynamic data for over 600 products (based

primarily on the JANNAF data) are available to the program, and this file is con-

tinually kept up to date. The program computes combustion parameters such as heat

capacity, gamma, molecular weight, density, viscosity, thermal conductivity, and

temperature. Options in the basic program include computation of ion concentra-

tions and nonequilibrium control over composition. The sample cases shown in the

following printouts consumed only 1 second of computer time, each with a billing

( ) cost of $1.20 per second.

When CRT plots of composition or other gas properties as a function of temperature

are desired, the performance program punches the appropriate cards. These cards

are read by another program that generates the CRT plots.

The Thermochemical Computer Code is programmed for the IBM System 370, Model 165

computers. The program input requires reactant mixture ratios and temperature.

All of the required thermochemical data are stored on the data tape. The code

can also be used as a subroutine in other programs.
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APPENDIX B 

LASER KINETICS COMPUTER CODE- VIREL

Rocketdyne started work on a computer code (VIREL) in 1966 for analyses of the

gas dynamic laser. The computer code at this point is quite general and can con-

sider any gas laser in the one-dimensional or premixed approximation including

optics in the plane-parallel wave approximation. Provision was made for communi-

cation with a gas-mixing code to permit integration of the rate processes in a

chemical, gas transfer, and gas dynamic laser. Particular attention was given to

the output and informative plots can be made of all the results of interest. A

brief description of the code and the theoretical bases follows.

The initial conditions (i.e., concentration of all constituents and the flowfield)

are required as data in addition to the rate processes and rate constants. These

rate processes are then integrated over the region of interest giving the concen-

tration of constituents, including the amount of radiLation, and the flowfield as

a function of distance or time.

The constituents may be atoms, molecules, or 
even photons or electrons. Their

concentrations are expressed in terms of mole fractions. The number of photons

is, of course, arbitrary. Internal energy levels are accounted for as species

and the concentration of all species of a givdn component is forced to add up to

the concentration of that component.

Rate processes given as data name the reaction or relaxation process 
between the

j individual components and species. Examples are:

I+ - HF() + F Reaction (la)

H + F + H HF(5) H (lb)

H + F(5) H2 + F (lc)

... 421



---- 4- H +HF(4

H2(0) + HFC5)- 1 H_(l) + HF(4) V4V Relaxation (2a)

HF(4) + HF(6) 2HF(5) (2b)

HF(S) + H HF(4) + H2  V T Relaxation (3)

Here, H, F2, F, and H2 are components and HF(5), HF(4), HF(6), H2(0), and H2(l)

are species. From chemical kinetics, a rate process (i.e., a reaction between

the species) can be written as:

Z ai  E. bj (4)

and the rate expression can be written as:

Ka
k 1a. k . (5)

i i r j

1 |The general process (4) may be shown to be a combination of the simple processes

given in reactions 1 through 3. Even the three- to two-body process (lb) is a

relatively rare event at pressures below 0.1 atmosphere. The computer code also

permits optical or electrical pumping, photo-dissociation, spontaneous emission,

and one-body processes.

Stimulated emission is treated by the Einstein equation:

= w S(v) (B21 n2 - B12 nl) (6)

where w is the optical flux density, S(v), a line shape function, and B21 and Bi2
21the rate constants, and n2 and nl, the concentration of the~ upper and lower levels.

The optical flux density is normally expressed as data in a linearly interpolatable
table, but may be computed in a self-consistent fashion. When zero optical flux

is specified, the low level gain is computed. When, a number of uniform optical
fluxes are specified, the saturation level and available power may be deduced.
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The line shape function is treated by the Voigt model, which reduces the Doppler
broadening at low pressures and pressure broadening at higher pressures.* The B

coefficient is required as data. The species to which n2 and nI correspond are

specified as data and the concentration of each rotational level is computed using
the rigid rotor approximation.

The flowfield may be constant pressure, constant or specified area, or constant

volume. The ideal gas law with varying specific heat and molecular weight is

assumed. The change in flowfield due to heat of reaction, heat addition, and

area ratio changes is computed using the influence equations (Ref. 1 ) for flow-
ing systems which reduces to the ideal gas law for constant-volume systems. The

ability to treat heat and mass addition permits usiing the code to treat boundary
layer flow and gas mixing in a relatively straightforward fashion.

SThe integration formula currently used is an optimized second-order Runge-Kutta
predictor corrector method. The method appears to be the most efficient method

for a chemical laser and requires as few as 30 steps to integrate the reaction
over the length having positive gain. Integration control criteria are required

as data and the step size is adjusted to meet but not exceed the accuracy criteria.

The results of a computation may be given int as much or as little detail a- re-

quired. The contribution of the various. processes is listed at selected stations
as required. Program outputs are concentrations of the species and components

reaction rates, gain and amount of simulated emission, and the flowfield.

APPENDIX B REFERENCE

1. Shapiro, A. H., The Dynamics and Thermodynamics of Compressible Fluid Flow,

Vol. I, Ronald Press Co., New York, New York.

*Doppler half-widths are approximately 0.01 cm"1 and pressure widths are approxi-
mately 0.1 cm-1 at standard temperature and pressure so that, at 76-torr pres-
sure, broadening is negligible, although the Voigt method is used until rressure
broadening is only 1 percent of Doppler broadening. On the other extreme, the
Voigt model is used until the Doppler width is 1/10 of the pressure width.
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APPENDIX C

NUMERICAL SOLUTION OF FAST FLOW REACTOR EQUATIONS

WITHOUT AXIAL DIFFUSION

A numerical solution to Eq. 111-14 without the axial diffusion term, subjected to

the boundary conditions specified by Eq. 111-15 and 111-16, was obtained by the

usual discretization process using the Crank-Nicolson method (Ref. l).* This in-

volves dividing the field into a number of increments (i and j) in the axial and

radial direction and replacing each derivative by a difference approximation. In

terms of mole fraction, the difference approximations are given as:

fk(x, r) = k (iAx, jAr) fk then

a2f k k kkk

rf @2fk

(f 2r f , + f+ -f
i l,j f+l , 2f i+l,j

kr = ij-i

I fkB k . k k k
ar i~j+l i'j-1 i+l,j+l fi+l,j-1)4-

f(f +)/Ax (3)ax " -- j " ii

A bound on the error resulting from the use of these approximations is propce-

2 24 tional to Ax + Ar (Ref. 1, p. 193).

This second-order accuracy is maintained for the boundary conditions by using the

following approximations in the program

afk+ 3f ~~ kr = m- 4 fi+l,m f l,m+l)/2Ar (4)
',r

=r 3.

*See References at end of this Appendix.
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afk (fk4 1,j fk+J l fEklS=(-3 1 k1A
-_itlj 'J+ 2)/2Ar (5)

r=O

Employing the above discretization transforms the system of partial differential

equations into a system of m + 1 linear algebraic equations applicable at any arbi-

trary axial distance (i + 1)Ax from the point where the reaction is initiated. The

m + 1 algebraic equations are arranged so that all mole fractions of the kth species
k k k

at position i + k)Ax, f -it fk and fk,+1 , are on the left side of theat ostlo { + )A, i+l,. - l' j

equations and are equated to G which is comprised of the terms involving mole
fractions of the kth species at position iAx plus the average of the reaction rate

terms at iCAx) and (i + l)Ax, i.e.,

1 fk fk fk k
i+l,l I i+1,2 1,3 i+1,3 1 1 (6)

fA= fG+ 2' +j < m (7)
j i+l,j-1 Bj +lj j i+lj+l

fk +Ak k +Bk fk Gk

_' tm+l,m+l i+l,m-l +  m+l i+lm m+l i+l,m+l m l J = m + 1 (8)

Writing the equations for the kth species in matrix form

o...k 6k
-B1  C tl, 0 0 - f G-
1 1""3i+ll 1

A B C 0 0 fk Gk (9)2 2 2 i+1,2 2

o A B C 0 ... f Gk
3 3 3 i+1,3 G,

and using some predicted value for the fk
ad ui+l,j that appear in the reaction rate

term included in Gk  the computer program then solves for new values of fkj i1+l,j
which are compared with the predicted values. If the predicted and new values of

do not agree within the required amount, the new value of f becomes

the predicted value and the cycle is repeated. This iterative procedures is
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continued until successively computed f agree within specified limits Thei+l,jagewihnseiidlmt, e

matrices solved at each iteration, one for each reactant species, are coupled via U
the reaction rate terms. Convergence to within 0.01 percent is usually attained

in 4 or 5 iterations. The program then proceeds to the next axial increment and

again iteratively solves the matrix equation (Eq. 9).

When the axial increments stepped off have passed through the region of the flow

tube monitored by the EPR, the solution is completed. All monitored species mole

fractions at increments included in the sensing zone of the EPR cavity are multi-

plied by a suitable cavity signal distribution function, summed, and then averaged

over the sensing zone to determine the mole fraction sensed by the EPR and the

point x in the flow tube where the average mole fraction equals that measured by

the EPR.

WITH AXIAL DIFFUSION

When axial diffusion is not ignored, it is necessary to add another boundary con-

dition to Eq. 111-14. Assuming a flow tube of infinite length, the boundary con-
k

dition at infinity is that the f be uniformly bounded. This implies that

k fk
- - 0 at x= (Ref. 3) (10)

At the initial plane, one may specify an initial flux, i.e.

kV d Fk (11)ft f vt - )

The problem becomes well defined on a closed region, 0 < x < L, if L is chosen

large enough so that chemical equilibrium has essentially been reached at L. If

it is further assumed that f is constant at r = 0, then the problem is to solve

Eq. 111-14 subject to Eq. 111-15 and 111-16 as well as

k k
Sfk(or) = r r0  (12)
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(fk =0 0 r r (13)

where f is defined in the expression
kI

-T kf vdAf fk dA Fk  (14)Sx-0

When axial diffusion is ignored, Eq. 12 and 14 reduce to the usual conditions that

the initial profile of the kth species be proportional to the feed rate of the kth

species.

A computer program has been written which solves Eq. 111-14 subject to Eq. III-15,

111-16, 12, 13, and 14. Equation 14 is not programmed in explicitly. Rather, ?k

is set equal to a prescribed input value. Iteration on fk to satisfy Eq. 14 is

then performed.

Equation 111-14 and the boundary conditions were discretized by an approximation

using centered differences:

!~ fk  k fk 2 )A~ (fij 2 fi + f - (15)
ax

?~~ k (f. ~ 2 f..4 f ... )/Ar (16)
ar 2  i'j+l i

ar = (fij+i -,j- 1 ) / 2Ar (17)

fk kkfi i fk i- ) / 2Ax . (18)
TT i+l,j - 1 Jix(8

This results in an error in the differential equation of O(h2) for h = Ax = Ar
Ax

(Ref. 1). For Ax i Ar, the simple transformation r' = r A- leads to the same

result.
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This second-order accuracy is maintained for the boundary conditions by using the

following approximations in the program: K

k fk 4fk -3f3f_ N-2,J N-l~j Nj (9
ax = 26x

afk fk 4fk _ 3fk
-- = 2l i, (20)

ar 2Ar
r=r

into a system of linear algebraic equations.

The resulting system of linear algebraic equations for species k is coupled to the

system for other reactant species through the source terms.

Specifically, the equation is

Ak  =(22)

Where is the vector (f, ,t2  ", 1, ."' fk is the vector represent-

ing (except for the boundary equations) the kinetic coupling, and A is the matrix

of coefficients given by the discretization of Eq. III-14, III-15, III-16, 12,

and 13. This matrix is very sparse and banded. Solution of Eq. 22 for each re-

actant species k is carried out using an elimination algorithm especially designed
to take into the account the special nature of A t m

Great care has to be exercised since, even though the discretization used is appro-

priate for elliptic equations like Eq. 111-14, the presence of a large axial convec-
tion term tends to make the system behave as an initial value problem (e.g., Ref. 3).

This being the case, the whole matrix solution potion w coded in double precision.
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The right side of Eq. 22, 1k, will, in general, be a function of , ... , K, where

( K equals the number of species. That portion that is a function of Ik is linearized

and brought over to the left side and combined with Ak. The remainder is left on

the right side. In solving the k system, the computer program iterates success-

ively using at each stage the most current estimate of , k A k. Typically,

convergence is reached in four to five steps.
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